


AA! 


meen een ' P, Pearson 


SN St SS ont ia IT -N dB 22: IS 





[=] ThomasL.Floyd E 1 
RY Ri AM 


DU pmr Be BZ Ese 


— wees http://www.phei.com.cn 


BT LP BON os so EH) 


Digital Fundamentals, Eleventh Edition 


RHE —RATASRFRANBA RA, AE MEARSHR MATT Am. 4 
BELTATAFRFRAMEARS, Bel, II. ARAM. ASB. 
ASS SRE. ees. Base. Gas. MARRAS, MER. SRB RR 
Fo SAHNRAAETROISUASE,. ARM. BSH. SEXUS. 

An UE : 

e iB mdi 

e WR T BILAL 

e ia fH RW ANO-MAIK 

@ #18 T Moore#iMealyAKAHLA AS 

© MRTAXRRRHN—S, BAE AREENA 

e Rit SDAA HEA 


ABA AR iOS (Sees, PPT), APA TAS AB AaNA PIAA. 





KRAN R B, RT 
Li LRARAFA, KBAR BFRAREVASLIE. 





Ht 4b AR Se FB 
ip da — E 








— | Forsale and distribution in the mainland of China exclusively(except 
-| Taiwan, Hong Kong SAR and Macau SAR). — V€— 
= MORRZS DOR TED BABE 267. : Www.pearson.com DI 






“eth 79.007 EE 











ESS BF Sik fes UT KI 


Zi FFF dx 7K 
(+H) (AAM) 


Digital Fundamentals 
Eleventh Edition 


| |] Thomas L. Floyd X 





E FIF Et 
Publishing House of Electronics Industry 
JE * BEIJING 


CE-A jT 


AS Bde — ACT BE RT BORTUZESUBUM , FRET EDO A BS BU Scb ETT SR. BBE BRITA 
BUE BY BOR AR. Sol. 323801. ARR. A. AR EA. TEXCÉR 
Bata. (püh3h. FE SKA. Be. RGRTAPEDORTR. 4UBBPNRATETIPIL-JBCEE. A 
PAM. avi. SERRA. 

Ak- Bin] fE 208859 po Hz RT f RAE ASE BS BS PRE BOT, t n] EARN. BT 
ABER. BLE ADEE AL IIS RH. 


Authorized Adaptation from the English language edition, entitled Digital Fundamentals, Eleventh Edition, by Thomas L. 
Floyd, published by Pearson Education, Inc., Copyright € 2015 by Pearson Education, Inc. 

All rights reserved. No part of this book may be reproduced or transmitted in any form or by any means, electronic or 
mechanical, including photocopying, recording or by any information storage retrieval system, without permission from 
Pearson Education, Inc. 

ENGLISH language edition published by PUBLISHING HOUSE OF ELECTRONICS INDUSTRY, Copyright O 2017. 
This edition is manufactured in the People's Republic of China, and is authorized for sale and distribution only in the 
mainland of China exclusively(except Taiwan, Hong Kong SAR and Macau SAR). 


AS 5 BECO EN a E A d A EH. Pearson Education (HEA A KWEA TF RF Like. RAWAM 
FCB VEHI, ASARELETIZI XN RE RABY EB 

Zk-BiE rn EACH De Hc, CER HEP EK at AA 

ASG Pearson Education (+A RHEE) WAWR., REEDE BI 


RUBUS eius Kl: 01-2017-4362 


FAB XE RR AR EI ( CIP ) fn 


AFETAR: BS-+-—HR=Digital Fundamentals, Eleventh Edition: 3 x:/ (36) TEN + L. $t (Thomas L. 
Floyd) 4; RB, fÉWpDkAM.—db: HAS LAE, 2017.8 

Es Sp Fa T^ E5388 fe BUT RP 

ISBN 978-7-121-31982-2 


I.Q-- Il. OFF OR (RR --- II. OBC Hee — HRA eS SRA — IV. OTN79 
rp BS AS As PB TR CIPALHE KF (2017) 2813978175 


HK Ba: Hz) UI 
Hi: Wz) DI 
Ep — Jj: = Ya TT RICH Zu] 
A i: L—PmnBRIBIC8 RA 8] 
IURI: HA A AL 
That i UEDX7J2$88173[8 AA MBa: 100036 
FF Æ: 787x1092 1/16 EK: 31.5 FM: 1179 FF 
We X: 20064F 6A AIR CRO) 
20174E8 H 38 3 CU E AIM) 
EJ X: 20174E8H 28 1 MEN hil 
E€ W: 79.0076 


FL PIU] S a -- T Nb HA Rc Bs BOE Re, REPER. APEE, APHACATMRKA, KR 
Kw HG : (010) 88254888, 88258888. 

V S BEVEIB A EE S zlts@phei.com.cn, BARA AS HR is AZ HET F S dbqq@phei.com.cn. 

AS HS vl HR A 77 XX : fengxiaobei(gphei.com.cn. 


BY i 


Digital Fundamentals ( BUCS AY CE HR BOR 2). B958-- — RUMEGESROKE HS WE 18 
Zt. MPAA OD aA A. ASHE gu Bude. ASB. ZR AP A FB BE 
RA FHA SEAS EE BREI, ASB Re SO Ae. DIERKA, ERE 
BOR, BUR EF fuc FRA, Tea. AP Hh See UE SA T 
LOMA A AERA, IFAM AAS S] T 3 JE. 

BPE RAR FELLA HE YEAR, SEAT ER EIS] ACRI 
Pie. BRNA AERA REE, WEE IA AREY HR. (IUD, XI ARZEOURTREACON 
iBT Ee PE, 22 Wi BNC THOSE A SAN Ue] EASE AF s 
SE SPAS FEL BPAY FY ae BURP AEA Bos IBAA, SERCH RR ROR Ce AREE ) AA 
A cE HL TE HE 


B TREI AS 


e EIAI HM ATT, WEARER, FDE, EAMG T EY 
e MIBR Ft ABLE o 

e ts T A/R fa tEAQ-M (Quine-McCluskey ) F. 

e #34 f Moore Mealy AS BLES AA. 

e ji Y XB pet n) 3. Bde UE E ZBR A TREAT o 

e FiK f Dl asi) fH. 


ASH FE 


e ADA Al es UY BC BAA EAE o 

e InfoNotes C YFSEBVNARUAR ) LAA IZIAE B5 TAT SX 26 ER ERR GC 
e AE Ae E HII SI MAST NER. 

e PAA TV) aA RAN, ERIE SERE B Eun o 

e 25i B RET BUR AAMAS , AREER o 

e A BUE EXE B Hands-On Tips (KERETI ) Se BUR FAA SERA 

e iyi EA MultiSim fF pee rase i i 805 75 FUP 

e ist on BU AE SEG 

e Ria Bf B IW, 

eR Ba Wa JUEZ Bl £5 t ATUS EH HUAS AE e 


FERR | 
e nic TE S HJ Sz Uv -F- (Experiments in Digital Fundamentals, Eleventh Edition ), fH Dave 


Buchla fill Doug Joksch #5 . 
e MultiSimVa Ho Fl» ( www.pearsonhighered.com/careersresources.com ) E MultiSim 


li MultiSim3c/f, && T dirait (5 EUSEB, cH IEIP- 138. bas 


e W , “Intergrated Circuit Technologies” 
e VHDLZX fé 

e VerilogZA f 

e MultiSim#l f£ 

e Altera Quartus ILE 

e Xilinx ISEA FE 

e Se RANA 

e AAI AE 

© Q-MT EHTE, FF 


UTE 


AUTRE, GLABOSGET HJ2JBUNUR, MAES ARS, MultiSimf; ARH 
i325, FH Dave Buchla fil Doug Joksch #25 AY SC FH AY SER, 
e PR AIIZIST HCH. 


—IE t ANA 
mea FATRA JAAR JA. WX) ERE. 
xxr un FAP-2 BTA . 





CTION 5-1 CHECKUP 











Answers are at the end of the chapter. 

1. Determine the output (1 or 0) of a 4-variable AND-OR-Invert circuit for each of the 
following input conditions: 
(a) A= 1,B=0,C=1,D=0 (b) A= 1,B=1,C=0,D=1 
(c) A=0,B=1,C=1,D=1 

2. Determine the output (1 or 0) of an exclusive-OR gate for each of the following input 
conditions: 
(a) A= 1,B=0 (D A= 1,B=1 
(c) A=0,B=1 (d) A=0,B=0 

3. Develop the truth table for a certain 3-input logic circuit with the output expression 


X = ABC + ABC + ABC + ABC + ABC. 
4. Draw the logic diagram for an exclusive-NOR circuit. 
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Determine the output waveform X for the circuit in Example 5-14, Figure 5—34(a), directly from the output expression. 


Solution 
The ou output expression for the circ eloped in Figure 5-35. The SOP form indicates that the output is HIGH when A 
is LOW and C is HIGH o r when Bis pues and C is HIGH or when C is LOW and D is HIGH. 





FIGURE 5-35 


The result is shown in Figure 5-36 and is the same as the one obtained by the intermediate-waveform method in Example 
5-14. The corresponding product terms for each waveform condition that results in a HIGH output are indicated. 





FIGURE 5-36 
Related Problem 
Repeat this example if all the input waveforms are inverted. 
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` 1-1 Digital and Analog Quantities 


» FIGURE 1-1 


Graph of an analog quantity 


(temperature versus time). 


An analog quantity is one having continuous values. A digital quantity is one having 
a discrete set of values. Most things that can be measured quantitatively occur in nature in 
analog form. For example, the air temperature changes over a continuous range of values. 
During a given day, the temperature does not go from, say, 70° to 71° instantaneously; it 
takes on all the infinite values in between. If you graphed the temperature on a typical sum- 
mer day, you would have a smooth, continuous curve similar to the curve in Figure 1-1. 
Other examples of analog quantities are time, pressure, distance, and sound. 


Temperature 
CF) 

100 
95 
90 
85 
80 
75 
70 





Time of day 


12 3,455857 8:9 10H 12:1 2 3 4 35:6 7 8-59 IPRC 
A.M. P.M. 


Rather than graphing the temperature on a continuous basis, suppose you just take a 
temperature reading every hour. Now you have sampled values representing the temperature 
at discrete points in time (every hour) over a 24-hour period, as indicated in Figure 1-2. 
You have effectively converted an analog quantity to a form that can now be digitized by 
representing each sampled value by a digital code. It is important to realize that Figure 1—2 
itself is not the digital representation of the analog quantity. 
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Temperature « FIGURE 1-2 








CF) Sampled-value representation 
100 (quantization) of the analog 
95 quantity in Figure 1-1. Each 
90 value represented by a dot can 
85 be digitized by representing it 
80 as a digital code that consists 
75 of a series of 1s and Os. 
70 





Time of day 
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The Digital Advantage 


Digital representation has certain advantages over analog representation in electronics applica- 
tions. For one thing, digital data can be processed and transmitted more efficiently and reli- 
ably than analog data. Also, digital data has a great advantage when storage is necessary. For 
example, music when converted to digital form can be stored more compactly and reproduced 
with greater accuracy and clarity than is possible when it is in analog form. Noise (unwanted 
voltage fluctuations) does not affect digital data nearly as much as it does analog signals. 


An Analog System 


A public address system, used to amplify sound so that it can be heard by a large audience, is 
one simple example of an application of analog electronics. The basic diagram in Figure 1-3 
illustrates that sound waves, which are analog in nature, are picked up by a microphone and 
converted to a small analog voltage called the audio signal. This voltage varies continuously as 
the volume and frequency of the sound changes and is applied to the input of a linear amplifier. 
The output of the amplifier, which is an increased reproduction of input voltage, goes to the 
speaker(s). The speaker changes the amplified audio signal back to sound waves that have a 
much greater volume than the original sound waves picked up by the microphone. 


«FIGURE 1-3 


SE, Original sound waves 
= A basic audio public address 







Reproduced system. 


The compact disk (CD) player is an example of a system in which both digital and analog 
circuits are used. The simplified block diagram in Figure 1—4 illustrates the basic principle. 
Music in digital form is stored on the compact disk. A laser diode optical system picks up 
the digital data from the rotating disk and transfers it to the digital-to-analog converter 
(DAC). The DAC changes the digital data into an analog signal that is an electrical repro- 
duction of the original music. This signal is amplified and sent to the speaker for you to 


| | Microphone 





Audio signal 


Amplified audio signal 


A System Using Digital and Analog Methods 
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» FIGURE 1-4 


Basic block diagram of a CD 


player. Only one channel is 
shown. 


» FIGURE 1-5 
Example of a mechatronic 
system and application. 


enjoy. When the music was originally recorded on the CD, a process, essentially the reverse 
of the one described here, using an analog-to-digital converter (ADC) was used. 
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Mechatronics 


Both digital and analog electronics are used in the control of various mechanical systems. 
The interdisciplinary field that comprises both mechanical and electronic components is 
known as mechatronics. 

Mechatronic systems are found in homes, industry, and transportation. Most home appliances 
consist of both mechanical and electronic components. Electronics controls the operation of a 
washing machine in terms of water flow, temperature, and type of cycle. Manufacturing indus- 
tries rely heavily on mechatronics for process control and assembly. In automotive and other 
types of manufacturing, robotic arms perform precision welding, painting, and other functions 
on the assembly line. Automobiles themselves are mechatronic machines; a digital computer 
controls functions such as braking, engine parameters, fuel flow, safety features, and monitoring. 

Figure 1—5(a) is a basic block diagram of a mechatronic system. A simple robotic arm is 
shown in Figure 1—5(b), and robotic arms on an automotive assembly line are shown in part (c). 


Electronic controls 


Electromechanical 
interface 





(a) Mechatronic system block diagram (b) Robotic arm 


The movement of the arm in any quadrant and to any specified position is accomplished with 
some type of digital control such as a microcontroller. 


| 5. What does a oa ities consist of? 
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1-2 Binary Digits, Logic Levels, and Digital Waveforms 





Binary Digits 


Each of the two digits in the binary system, | and 0, is called a bit, which is a contraction 
of the words binary digit. In digital circuits, two different voltage levels are used to repre- 
sent the two bits. Generally, 1 is represented by the higher voltage, which we will refer to 
as a HIGH, and a 0 is represented by the lower voltage level, which we will refer to as a 
LOW. This is called positive logic and will be used throughout the book. 


HIGH = 1 and LOW = 0 


Another system in which a 1 is represented by a LOW and a 0 is represented by a HIGH is 
called negative logic. 

Groups of bits (combinations of 1s and Os), called codes, are used to represent numbers, 
letters, symbols, instructions, and anything else required in a given application. 





Logic Levels 


The voltages used to represent a 1 and a 0 are called logic levels. Ideally, one voltage level 
represents a HIGH and another voltage level represents a LOW. In a practical digital circuit, 
however, a HIGH can be any voltage between a specified minimum value and a specified 
maximum value. Likewise, a LOW can be any voltage between a specified minimum and a 
specified maximum. There can be no overlap between the accepted range of HIGH levels 
and the accepted range of LOW levels. 

Figure 1—6 illustrates the general range of LOWs and HIGHs for a digital circuit. The 
variable Vimax) represents the maximum HIGH voltage value, and Viymin) represents the Viimax) 
minimum HIGH voltage value. The maximum LOW voltage value is represented by V, (ax), 
and the minimum LOW voltage value is represented by Vi (min). The voltage values between 
Vi(max) and Viyminy are unacceptable for proper operation. A voltage in the unacceptable 
range can appear as either a HIGH or a LOW to a given circuit. For example, the HIGH 
input values for a certain type of digital circuit technology called CMOS may range from 
2 V to 3.3 V and the LOW input values may range from 0 V to 0.8 V. If a voltage of 2.5 V 
is applied, the circuit will accept it as a HIGH or binary 1. If a voltage of 0.5 V is applied, VL (max) 
the circuit will accept it as a LOW or binary 0. For this type of circuit, voltages between 
0.8 V and 2 V are unacceptable. 


Vi(min) 


V (min) 





Digital Waveforms 


Digital waveforms consist of voltage levels that are changing back and forth between the A FIGURE 1-6 
HIGH and LOW levels or states. Figure 1—7(a) shows that a single positive-going pulse 
is generated when the voltage (or current) goes from its normally LOW level to its HIGH 
level and then back to its LOW level. The negative-going pulse in Figure 1—7(b) is gener- 
ated when the voltage goes from its normally HIGH level to its LOW level and back to its 
HIGH level. A digital waveform is made up of a series of pulses. 


Logic level ranges of voltage 
for a digital circuit. 







HIGH -- HIGH “FIGURE 1-7 
Rising or Falling or Falling or Rising or Ideal pulses. 
leading edge trailing edge leading edge trailing edge 


LOW DOW == 


fo ti to ti 


(a) Positive-going pulse (b) Negative-going pulse 
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The Pulse 


As indicated in Figure 1-7, a pulse has two edges: a leading edge that occurs first at time to 
and a trailing edge that occurs last at time /,. For a positive-going pulse, the leading edge 
is a rising edge, and the trailing edge is a falling edge. The pulses in Figure 1—7 are ideal 
because the rising and falling edges are assumed to change in zero time (instantaneously). 
In practice, these transitions never occur instantaneously, although for most digital work 
you can assume ideal pulses. 

Figure 1-8 shows a nonideal pulse. In reality, all pulses exhibit some or all of these 
characteristics. The overshoot and ringing are sometimes produced by stray inductive and 
capacitive effects. The droop can be caused by stray capacitive and circuit resistance, form- 
ing an RC circuit with a low time constant. 


Overshoot 







PFIGURE 1-8 .—  — Ringing 
Nonideal pulse characteristics. — j © .4----------- Droop 
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Rise time Fall time 


The time required for a pulse to go from its LOW level to its HIGH level is called the 
rise time (f,), and the time required for the transition from the HIGH level to the LOW level 
is called the fall time (fj). In practice, it is common to measure rise time from 10% of the 
pulse amplitude (height from baseline) to 90% of the pulse amplitude and to measure the 
fall time from 9096 to 1096 of the pulse amplitude, as indicated in Figure 1—8. The bottom 
1096 and the top 1096 of the pulse are not included in the rise and fall times because of 
the nonlinearities in the waveform in these areas. The pulse width (fy) is a measure of the 
duration of the pulse and is often defined as the time interval between the 50% points on 
the rising and falling edges, as indicated in Figure 1-8. 


Waveform Characteristics 


Most waveforms encountered in digital systems are composed of series of pulses, some- 
times called pulse trains, and can be classified as either periodic or nonperiodic. A periodic 
pulse waveform is one that repeats itself at a fixed interval, called a period (T). The 
frequency (f) is the rate at which it repeats itself and is measured in hertz (Hz). A non- 
periodic pulse waveform, of course, does not repeat itself at fixed intervals and may be 
composed of pulses of randomly differing pulse widths and/or randomly differing time 
intervals between the pulses. An example of each type is shown in Figure 1—9. 


JIIPTLDPESC JUTCAMUTe 4b e 
eee 


on nds ha feruont 


Frequency = + 
(a) Periodic (square wave) (b) Nonperiodic 
4 FIGURE 1-9 The frequency (f) of a pulse (digital) waveform is the reciprocal of the period. The 
Examples of digital relationship between frequency and period is expressed as follows: 


waveforms. 
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f= Equation 1-1 


T= Equation 1-2 


“j= g | a 


An important characteristic of a periodic digital waveform is its duty cycle, which is the 
ratio of the pulse width (tw) to the period (T). It can be expressed as a percentage. 


t 
Duty cycle = (ws Equation 1-3 





A Digital Waveform Carries Binary Information 


Binary information that is handled by digital systems appears as waveforms that represent 
sequences of bits. When the waveform is HIGH, a binary 1 is present; when the waveform 
is LOW, a binary 0 is present. Each bit in a sequence occupies a defined time interval called 
a bit time. | 


The Clock 


In digital systems, all waveforms are synchronized with a basic timing waveform called the 
clock. The clock is a periodic waveform in which each interval between pulses (the period) 
equals the time for one bit. 

An example of a clock waveform is shown in Figure 1—11. Notice that, in this case, each 
change in level of waveform A occurs at the leading edge of the clock waveform. In other 
cases, level changes occur at the trailing edge of the clock. During each bit time of the 
clock, waveform A is either HIGH or LOW. These HIGHs and LOWSs represent a sequence 
of bits as indicated. A group of several bits can contain binary information, such as a num- 
ber or a letter. The clock waveform itself does not carry information. 
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» FIGURE 1-11 om 
Example of a clock waveform =] 
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Timing Diagrams 


A timing diagram is a graph of digital waveforms showing the actual time relationship of 
two or more waveforms and how each waveform changes in relation to the others. By look- 
ing at a timing diagram, you can determine the states (HIGH or LOW) of all the waveforms 
at any specified point in time and the exact time that a waveform changes state relative 
to the other waveforms. Figure 1—12 is an example of a timing diagram made up of four 
waveforms. From this timing diagram you can see, for example, that the three waveforms 
A, B, and C are HIGH only during bit time 7 (shaded area) and they all change back LOW 





at the end of bit time 7. 
» FIGURE 1-12 | | | | | | | | | | | | | | | | 
OU occa AME T es SE Se Sle Clock 
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Data Transfer 


Data refers to groups of bits that convey some type of information. Binary data, which 
are represented by digital waveforms, must be transferred from one device to another 
within a digital system or from one system to another in order to accomplish a given 
purpose. For example, numbers stored in binary form in the memory of a computer must 
be transferred to the computer’s central processing unit in order to be added. The sum of 
the addition must then be transferred to a monitor for display and/or transferred back to 
the memory. As illustrated in Figure 1—13, binary data are transferred in two ways: serial 
and parallel. 

When bits are transferred in serial form from one point to another, they are sent one bit 
at a time along a single line, as illustrated in Figure 1—13(a). During the time interval from 
tọ to t, the first bit is transferred. During the time interval from t, to t, the second bit is 
transferred, and so on. To transfer eight bits in series, it takes eight time intervals. 

When bits are transferred in parallel form, all the bits in a group are sent out on separate 
lines at the same time. There is one line for each bit, as shown in Figure 1—13(b) for the 
example of eight bits being transferred. To transfer eight bits in parallel, it takes one time 
interval compared to eight time intervals for the serial transfer. 

To summarize, an advantage of serial transfer of binary data is that a minimum of only 
one line is required. In parallel transfer, a number of lines equal to the number of bits to be 
transferred at one time is required. A disadvantage of serial transfer is that it takes longer to 
transfer a given number of bits than with parallel transfer at the same clock frequency. For 
example, if one bit can be transferred in 1 us, then it takes 8 ys to serially transfer eight 
bits but only 1 ys to parallel transfer eight bits. A disadvantage of parallel transfer is that it 
takes more lines than serial transfer. 
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(a) Serial transfer of 8 bits of binary data. Interval tọ to f, is first. (b) Parallel transfer of 8 bits of binary data. The beginning time is tọ. 


» FIGURE 1-13 
Illustration of serial and parallel transfer of binary data. Only the data lines are shown. 
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1-3 Fixed-Function Logic Devices 


» FIGURE 1-16 

Cutaway view of one type 

of fixed-function IC package 
(dual in-line package) showing 
the chip mounted inside, with 
connections to input and 
output pins. 





» FIGURE 1-17 

Examples of through-hole and 
surface-mounted devices. 

The DIP is larger than the 
SOIC with the same number 
of leads. This particular DIP is 
approximately 0.785 in. long, 
and the SOIC is approximately 
0.385 in. long. 


A monolithic integrated circuit (IC) is an electronic circuit that is constructed entirely 
on a single small chip of silicon. All the components that make up the circuit—transistors, 
diodes, resistors, and capacitors—are an integral part of that single chip. Fixed-function 
logic and programmable logic are two broad categories of digital ICs. In fixed-function 
logic devices, the logic functions are set by the manufacturer and cannot be altered. 

Figure 1-16 shows a cutaway view of one type of fixed-function IC package with the 
circuit chip shown within the package. Points on the chip are connected to the package pins 
to allow input and output connections to the outside world. 


Plastic 





IC Packages 


Integrated circuit (IC) packages are classified according to the way they are mounted on 
printed circuit boards (PCBs) as either through-hole mounted or surface mounted. The 
through-hole type packages have pins (leads) that are inserted through holes in the PCB 
and can be soldered to conductors on the opposite side. The most common type of through- 
hole package is the dual in-line package (DIP) shown in Figure 1—17(a). 


^ > 


(b) Small-outline IC (SOIC) 





(a) Dual in-line package (DIP) 


Another type of IC package uses surface-mount technology (SMT). Surface mounting 
is a space-saving alternative to through-hole mounting. The holes through the PCB are 
unnecessary for SMT. The pins of surface-mounted packages are soldered directly to con- 
ductors on one side of the board, leaving the other side free for additional circuits. Also, for 
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a circuit with the same number of pins, a surface-mounted package is much smaller than a 
dual in-line package because the pins are placed closer together. An example of a surface- 
mounted package is the small-outline integrated circuit (SOIC) shown in Figure 1—17(b). 

Various types of SMT packages are available in a range of sizes, depending on the 
number of leads (more leads are required for more complex circuits and lead configura- 
tions). Examples of several types are shown in Figure 1—18. As you can see, the leads of the 
SSOP (shrink small-outline package) are formed into a “gull-wing” shape. The leads of the 
PLCC (plastic-leaded chip carrier) are turned under the package in a J-type shape. Instead 
of leads, the LCC (leadless ceramic chip) has metal contacts molded into its ceramic body. 
The LQFP (low-profile quad flat package) also has gull-wing leads. Both the CSP (chip 
scale package) and the FBGA (fine-pitch ball grid array) have contacts embedded in the 
bottom of the package. 





(a) SSOP (153 X 193 mils) (b) PLCC (350 X 350 mils) (c) LCC (350 X 350 mils) 





(d) LQFP (7 X 7 mm) (e) Laminate CSP bottom view (f) FBGA bottom view 
(3.5 X 3.5 mm) (4 X 4 mm) 


Pin Numbering 


All IC packages have a standard format for numbering the pins (leads). The dual in- 
line packages (DIPs) and the shrink small-outline packages (SSOP) have the numbering 
arrangement illustrated in Figure 1—19(a) for a 16-pin package. Looking at the top of the 
package, pin 1 is indicated by an identifier that can be either a small dot, a notch, or a bev- 
eled edge. The dot is always next to pin 1. Also, with the notch oriented upward, pin 1 is 
always the top left pin, as indicated. Starting with pin 1, the pin numbers increase as you 
go down, then across and up. The highest pin number is always to the right of the notch or 
opposite the dot. 

The PLCC and LCC packages have leads arranged on all four sides. Pin 1 is indicated by 
a dot or other index mark and is located at the center of one set of leads. The pin numbers 
increase going counterclockwise as viewed from the top of the package. The highest pin 
number is always to the right of pin 1. Figure 1—19(b) illustrates this format for a 20-pin 
PLCC package. 


Pin ! 
identifier 


bi Notch 
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identifier $ 
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(a) DIP or SSOP (b) PLCC or LCC 


“FIGURE 1-18 

Examples of SMT package 
configurations. Parts (e) and (f) 
show bottom view. - 


«FIGURE 1-19 

Pin numbering for two 
examples of standard types of 
IC packages. Top views are 
shown. 
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Complexity Classifications for Fixed-Function ICs 


Fixed-function digital ICs are classified according to their complexity. They are listed here 
from the least complex to the most complex. The complexity figures stated here for SSI, 
MSI, LSI, VLSI, and ULSI are generally accepted, but definitions may vary from one 
source to another. 


* Small-scale integration (SSI) describes fixed-function ICs that have up to ten equiv- 
alent gate circuits on a single chip, and they include basic gates and flip-flops. 

* Medium-scale integration (MSI) describes integrated circuits that have from 10 to 
100 equivalent gates on a chip. They include logic functions such as encoders, decoders, 
counters, registers, multiplexers, arithmetic circuits, small memories, and others. 


* Large-scale integration (LSID) is a classification of ICs with complexities of from 
more than 100 to 10,000 equivalent gates per chip, including memories. 


* Very large-scale integration (VLSI) describes integrated circuits with complexities 
of from more than 10,000 to 100,000 equivalent gates per chip. 


* Ultra large-scale integration (ULSI) describes very large memories, larger micro- 
processors, and larger single-chip computers. Complexities of more than 100,000 
equivalent gates per chip are classified as ULSI. 






1. An analog quantity is one having continuous values. 
2. A digital quantity has ten discrete values. 

3. There are two digits in the binary system. 

4. The term bit is short for binary digit. 

5. In positive logic, a LOW level represents a binary 1. 
6. If the period of a pulse waveform increases, the frequency also increases. 

7. A timing diagram shows the timing relationship of two or more digital waveforms. 
8. The basic logic operations are AND, OR, and MAYBE. 

9. If the input to an inverter is a 1, the output is a 0. 






1. A quantity having continuous values is 


(a) a digital quantity (b) an analog quantity 
(c) a binary quantity (d) a natural quantity 
2. The term bit means 
(a) a small amount of data (b) aloraO 
(c) binary digit (d) both answers (b) and (c) | 
3. The time interval on the leading edge of a pulse between 10% and 90% of the amplitude is the 
(a) rise time (b) fall time 
(c) pulse width (d) period 
4. A pulse in a certain waveform occurs every 10 ms. The frequency is 
(a) 1 kHz (b) 1 Hz (c) 100 Hz (d) 10 Hz 
5. In a certain digital waveform, the period is twice the pulse width. The duty cycle is 
(a) 10096 (b) 200% (c) 50% 


6. An inverter 
(a) performs the NOT operation (b) changes a HIGH to a LOW 


(c) changes a LOW to a HIGH (d) does all of the above 
7. The output of an AND gate is HIGH when 
(a) any input is HIGH (b) all inputs are HIGH 
(c) no inputs are HIGH (d) both answers (a) and (b) 
8. The output of an OR gate is HIGH when 
(a) any input is HIGH (b) all inputs are HIGH 
(c) no inputs are HIGH (d) both answers (a) and (b) 
9. The device used to convert a binary number to a 7-segment display format is the 
(a) multiplexer (b) encoder 


(c) decoder (d) register 
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Section 1-1 Digital and Analog Quantities 


1. Name two advantages of digital data as compared to analog data. 


2. Name an analog quantity other than temperature and sound. 
3. List three common products that can have either a digital or analog output. 


Section 1-2 Binary Digits, Logic Levels, and Digital Waveforms 
4. Explain the difference between positive and negative logic. 
5. Define the sequence of bits (1s and Os) represented by each of the following sequences of levels: 


(a) HIGH, HIGH, LOW, HIGH, LOW, LOW, LOW, HIGH 
(b) LOW, LOW, LOW, HIGH, LOW, HIGH, LOW, HIGH, LOW 


6. List the sequence of levels (HIGH and LOW) that represent each of the following bit sequences: 
(a) 1011101 (b) 11101001 

7. For the pulse shown in Figure 1—20, graphically determine the following: 
(a) rise time (b) fall time (c) pulse width (d) amplitude 





Vol 
» FIGURE 1-20 E 
t (us) 
8. Determine the period of the digital waveform in Figure 1—21. 
9. What is the frequency of the waveform in Figure 1—21? 
10. Is the pulse waveform in Figure 1—21 periodic or nonperiodic? 
11. Determine the duty cycle of the waveform in Figure 1—21. 
» FIGURE 1-21 


t (ms) 





12. Determine the bit sequence represented by the waveform in Figure 1—22. A bit time is 1 us in 
this case. 


13. What is the total serial transfer time for the eight bits in Figure 1—22? What is the total parallel 
transfer time? 


14. What is the period if the clock frequency is 3.5 GHz? 


» FIGURE 1-22 [| [ | T oud 
| 
| 
I 


| l | | i | 
| l | | | | ! | 
| | l | | i i | 
0 lus 2us 3ys 4us -Sus O6gus Tus  8ys 


Section 1-3 Fixed-Function Logic Devices 
15. A fixed-function digital IC chip has a complexity of 200 equivalent gates. How is it classified? 
16. Explain the main difference between the DIP and SMT packages. 


17. Label the pin numbers on the packages in Figure 1—23. Top views are shown. 
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» FIGURE 1-23 





ANSWERS _ 


SECTION CHECKUPS 
Section 1-1 Digital and Analog Quantities 
1. Analog means continuous. 
2. Digital means discrete. 
3. A digital quantity has a discrete set of values and an analog quantity has continuous values. 
4. A public address system is analog. A CD player is analog and digital. A computer is all digital. 


5. A mechatronic system consists of both mechanical and electronic components. 


Section 1-2 Binary Digits, Logic Levels, and Digital Waveforms 

. Binary means having two states or values. 

. A bit is a binary digit. 

. The bits are 1 and 0. 

. Rise time: from 10% to 90% of amplitude. Fall time: from 90% to 10% of amplitude. 

. Frequency is the reciprocal of the period. 

. A clock waveform is a basic timing waveform from which other waveforms are derived. 


. A timing diagram shows the time relationship of two or more waveforms. 


G - OQ Un hh oU NY = 


. Parallel transfer is faster than serial transfer. 


RELATED PROBLEMS FOR EXAMPLES 
1-1 f = 6.67 kHz; Duty cycle = 16.7% 
1-2 Serial transfer: 3.33 ns 
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SELF-TEST 
1.(b) 2) 3.(a 4) 5.(© 6d) 7. (b) &@ 9. (c) 
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CHAPTER OUTLINE 


2-1 Decimal Numbers 2-7 Arithmetic Operations with Signed Numbers 
2-2 Binary Numbers 2-8 | Hexadecimal Numbers 

2-3 . Decimal-to-Binary Conversion 2-9 Octal Numbers 

2-4 Binary Arithmetic 2-10 Binary Coded Decimal (BCD) 

2-5 Complements of Binary Numbers 2-11 Digital Codes 

2-6 Signed Numbers 2-12 Error Codes 


2-1 Decimal Numbers 


In the decimal number system each of the ten digits, 0 through 9, represents a certain The decimal number system has 

quantity. As you know, the ten symbols (digits) do not limit you to expressing only ten ten digits. 

different quantities because you use the various digits in appropriate positions within a 

number to indicate the magnitude of the quantity. You can express quantities up through 

nine before running out of digits; if you wish to express a quantity greater than nine, you 

use two or more digits, and the position of each digit within the number tells you the mag- 

nitude it represents. If, for example, you wish to express the quantity twenty-three, you use 

(by their respective positions in the number) the digit 2 to represent the quantity twenty and 

the digit 3 to represent the quantity three, as illustrated below. 


The digit 2 has a weight of The digit 3 has a weight 


10 in this position. D « [ of I in this position. 
p iy 

2 X 10 + m 

4 
20 + 


aaa? CEDE 


23 


The position of each digit in a decimal number indicates the magnitude of the quantity The decimal number system has 
represented and can be assigned a weight. The weights for whole numbers are positive a base of 10. 
powers of ten that increase from right to left, beginning with 10° = 1. 


... 10° 10^ 10? 10? 10! 10? 


For fractional numbers, the weights are negative powers of ten that decrease from left to 
right beginning with 10. 


Chapter 2 Number Systems, Operations, and Codes 


10? 10! 109.10! 102 10°... 
Decimal point 


The value of a digit is determined by The value of a decimal number is the sum of the digits after each digit has been multi- 
its position in the number. plied by its weight, as Examples 2-1 and 2-2 illustrate. 


2-2 Binary Numbers 


Counting in Binary 


The binary number system has two To learn to count in the binary system, first look at how you count in the decimal system. 

digits (bits). You start at zero and count up to nine before you run out of digits. You then start another 
digit position (to the left) and continue counting 10 through 99. At this point you have 
exhausted all two-digit combinations, so a third digit position is needed to count from 100 
through 999, 
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A comparable situation occurs when you count in binary, except that you have only two 
digits, called bits. Begin counting: 0, 1. At this point you have used both digits, so include 
another digit position and continue: 10, 11. You have now exhausted all combinations of 
two digits, so a third position is required. With three digit positions you can continue to 
count: 100, 101, 110, and 111. Now you need a fourth digit position to continue, and so on. 
A binary count of zero through fifteen is shown in Table 2-1. Notice the patterns with 
which the 1s and Os alternate in each column. 


» TABLE 2-1 
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As you have seen in Table 2-1, four bits are required to count from zero to 15. In general, 
with n bits you can count up to a number equal to 2" — 1. 


Largest decimal number — 2" — 1 
For example, with five bits (n = 5) you can count from zero to thirty-one. 
2—1-232—-1-231 
With six bits (n — 6) you can count from zero to sixty-three. 


2®-1=64-1=63 


The Weighting Structure of Binary Numbers 


A binary number is a weighted number. The right-most bit is the LSB (least significant bit) 
in a binary whole number and has a weight of 2° = 1. The weights increase from right to 
left by a power of two for each bit. The left-most bit is the MSB (most significant bit); its 
weight depends on the size of the binary number. 

Fractional numbers can also be represented in binary by placing bits to the right of the 
binary point, just as fractional decimal digits are placed to the right of the decimal point. 
The left-most bit is the MSB in a binary fractional number and has a weight of 2 ! = 0.5. 
The fractional weights decrease from left to right by a negative power of two for each bit. 

The weight structure of a binary number is 


9m Batzgio® g12%... 27 


[ONE Binary point 


where n is the number of bits from the binary point. Thus, all the bits to the left of the 
binary point have weights that are positive powers of two, as previously discussed for whole 
numbers. All bits to the right of the binary point have weights that are negative powers of 
two, or fractional weights. | 

The powers of two and their equivalent decimal weights for an 8-bit binary whole num- 
ber and a 6-bit binary fractional number are shown in Table 2—2. Notice that the weight 


The binary number system has 
a base of 2. 





The weight or value of a bit increases 
from right to left in a binary number. 
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doubles for each positive power of two and that the weight is halved for each negative 
power of two. You can easily extend the table by doubling the weight of the most signifi- 
cant positive power of two and halving the weight of the least significant negative power of 
two; for example, 2? = 512 and 27 = 0.0078125. 


Y TABLE 2-2 
Binary weights. 


1/8 1/16 1/32 1/64 
0.125 0.625 0.03125 0.015625 


Binary-to-Decimal Conversion 


Add the weights of all 1s in a binary The decimal value of any binary number can be found by adding the weights of all bits that 
number to get the decimal value. are | and discarding the weights of all bits that are 0. 
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2-3 Decimal-to-Binary Conversion 


Sum-of-Weights Method 


One way to find the binary number that is equivalent to a given decimal number is to deter- To get the binary number for a given 
mine the set of binary weights whose sum is equal to the decimal number. An easy way decimal number, find the binary 

to remember binary weights is that the lowest is 1, which is 2°, and that by doubling any Weights that add up to the decimal 
weight, you get the next higher weight; thus, a list of seven binary weights would be 64, 32, number. - 

16, 8, 4, 2, 1 as you learned in the last section. The decimal number 9, for example, can be 

expressed as the sum of binary weights as follows: 


9=8+1 o 9-242 
Placing 1s in the appropriate weight positions, 2? and 2°, and Os in the 2? and 2! positions 
determines the binary number for decimal 9. 
? x PT 
b. 4-953 Binary number for decimal 9 





Repeated Division-by-2 Method 


A systematic method of converting whole numbers from decimal to binary is the repeated To get the binary number for a given 
division-by-2 process. For example, to convert the decimal number 12 to binary, begin by decimal number, divide the decimal 
dividing 12 by 2. Then divide each resulting quotient by 2 until there is a 0 whole-number number by 2 until the quotient is 0. 
quotient. The remainders generated by each division form the binary number. The first Remainders form the binary number. 
remainder to be produced is the LSB (least significant bit) in the binary number, and the | 
last remainder to be produced is the MSB (most significant bit). This procedure is illus- 

trated as follows for converting the decimal number 12 to binary. 


Remainder 
12 
a ee 1 » 
6 
— = 3 
2 0 
3 
- =] 1 
2 
1 
£2 : | 
Stop when the 14-049 
whole-number quotient is 0. 
4 MSB =f t LSB 
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Converting Decimal Fractions to Binary 


Examples 2-5 and 2-6 demonstrated whole-number conversions. Now let's look at 
fractional conversions. An easy way to remember fractional binary weights is that the 
most significant weight is 0.5, which is 2^!, and that by halving any weight, you get 
the next lower weight; thus a list of four fractional binary weights would be 0.5, 0.25, 
0.125, 0.0625. E 


Sum-of-Weights 


The sum-of-weights method can be applied to fractional decimal numbers, as shown in the 
following example: 


0.625 = 0.5 + 0.125 = 27! + 2? = 0.101 


There is a 1 in the 2! position, a 0 in the 2 ? position, and a 1 in the 2 ? position. 


Repeated Multiplication by 2 ms 


As you have seen, decimal whole numbers can be converted to binary by repeated divi- 
sion by 2. Decimal fractions can be converted to binary by repeated multiplication by 2. 
For example, to convert the decimal fraction 0.3125 to binary, begin by multiplying 
0.3125 by 2 and then multiplying each resulting fractional part of the product by 2 until 
the fractional product is zero or until the desired number of decimal places is reached. 
The carry digits, or carries, generated by the multiplications produce the binary number. 
The first carry produced is the MSB, and the last carry is the LSB. This procedure is 
illustrated as follows: 
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Carry 0101 


4 
0.3125 X 2 = 0.625 Ed 


0.625 X 2 = 1.25 1 


| aac 


0.25 x 2 = 0.50 0 


Paes 


050x2-100 1 


Continue to the desired number of decimal ane 
or stop when the fractional part is all Zeros. 





2-4 Binary Arithmetic 


Binary Addition 
The four basic rules for adding binary digits (bits) are as follows: In binary 1 + 1 = 10, not 2. 


0+0=0  Sumof0 witha carry of 0 
0+1=1  Sumofl witha carry of 0 
1+0=1  Sumofl witha carry of 0 
1+1=10 SumofO0 with a carry of 1 


Notice that the first three rules result in a single bit and in the fourth rule the addition of two 
Is yields a binary two (10). When binary numbers are added, the last condition creates a 


sum of 0 in a given column and a carry of 1 over to the next column to the left, as illustrated 
in the following addition of 11 + 1: 


Carry Carry 
1 1 
0 1 l 
+0 0 1 
1 0 0 


In the right column, 1 + 1 = O with a carry of 1 to the next column to the left. In the middle 
column, 1 + 1 + 0 = Owithacarry of 1 to the next column to the left. In the left column, 
1+0+0=1. 

When there is a carry of 1, you have a situation in which three bits are being added (a bit 
in each of the two numbers and a carry bit). This situation is illustrated as follows: 
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In binary 10 — 1 = 1, not 9. 





Carry bits ———7] 
1+0+0=01 Sum of 1 with a carry of 0 
1 +1+0=10 Sum of 0 with a carry of 1 
‘e+ 0+ 1 = 10 Sum of 0 with a carry of 1 
E+ itis il Sum of 1 with a carry of 1 





Binary Subtraction 

The four basic rules for subtracting bits are as follows: 
0-0=0 
B rd ee ge ME 


109—191. 0-1 with aborow of 1 


When subtracting numbers, you sometimes have to borrow from the next column to the 
left. A borrow is required in binary only when you try to subtract a | from a 0. In this case, 
when a | is borrowed from the next column to the left, a 10 is created in the column being 
subtracted, and the last of the four basic rules just listed must be applied. Examples 2-8 
and 2-9 illustrate binary subtraction; the equivalent decimal subtractions are also shown. 
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Binary Multiplication 
The four basic rules for multiplying bits are as follows: Binary multiplication of two bits is 
the same as multiplication of the 
0x0=0 decimal digits 0 and 1. 
acl 
1x0-0 
1xX1-21 


Multiplication is performed with binary numbers in the same manner as with decimal num- 
bers. It involves forming partial products, shifting each successive partial product left one 
place, and then adding all the partial products. Example 2—10 illustrates the procedure; the 
equivalent decimal multiplications are shown for reference. 





Binary Division 


Division in binary follows the same procedure as division in decimal, as Example 2-11 A calculator can be used to perform 

illustrates. The equivalent decimal divisions are also given. arithmetic operations with binary 
numbers as long as the capacity of 
the calculator is not exceeded. 
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2-5 Complements of Binary Numbers 


Finding the 1's Complement 
The 1’s complement of a binary number is found by changing all 1s to Os and all Os to 1s, 


as illustrated below: 


Change each bit in a number to get 


the 1's complement. 
10110010 Binary number 


)A4ilidi 
01001101 1’s complement 


The simplest way to obtain the 1’s complement of a binary number with a digital circuit 
is to use parallel inverters (NOT circuits), as shown in Figure 2-1 for an 8-bit binary number. 


» FIGURE 2-1 l 0 1 0 l 0 l 0 
Example of inverters used to 
obtain the 1's complement of 
a binary number. 
0 1 0 1 0 1 0 l = 


Finding the 2’s Complement 
kao 1 to in complement to get ^ The 2’s complement of a binary number is found by adding 1 to the LSB of the 1’s complement. 
the 2's complement. 
2's complement = (1’s complement) + 1 
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An alternative method of finding the 2's complement of a binary number is as follows: Change all bits to the left of the least 


ignificant 1 to get 2' | t. 
1. Start at the right with the LSB and write the bits as they are up to and including the p 
first 1. 


2. Take the 1’s complements of the remaining bits. 





The 2's complement of a negative binary number can be realized using inverters and an 
adder, as indicated in Figure 2-2. This illustrates how an 8-bit number can be converted to 
its 2's complement by first inverting each bit (taking the 1’s complement) and then adding 
1 to the 1°s complement with an adder circuit. 


Negative number l 0 I 0 1 0 1 0 «FIGURE 2-2 


Example of obtaining the 2's 
complement of a negative 


binary number. 
l's complement 





2's complement 0 l 0 l 0 1 1 0 


To convert from a 1’s or 2's complement back to the true (uncomplemented) binary form, 
use the same two procedures described previously. To go from the 1’s complement back to 
true binary, reverse all the bits. To go from the 2's complement form back to true binary, 
take the 1’s complement of the 2's complement number and add | to the least significant bit. 
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2-6 Signed Numbers 


The Sign Bit 


The left-most bit in a signed binary number is the sign bit, which tells you whether the 
number is positive or negative. 


A 0 sign bit indicates a positive number, and a 1 sign bit indicates a negative number. 


Sign-Magnitude Form 


When a signed binary number is represented in sign-magnitude, the left-most bit is the sign 
bit and the remaining bits are the magnitude bits. The magnitude bits are in true (uncomple- 
mented) binary for both positive and negative numbers. For example, the decimal number 
+25 is expressed as an 8-bit signed binary number using the sign-magnitude form as 


1100 
Signbit——] 1 Magnitude bits 
The decimal number —25 is expressed as 
i 10011001 


Notice that the only difference between +25 and — 25 is the sign bit because the magnitude 
bits are in true binary for both positive and negative numbers. 


In the sign-magnitude form, a negative number has the same magnitude bits as the 
corresponding positive number but the sign bit is a 1 rather than a zero. 


1's Complement Form 


Positive numbers in 1’s complement form are represented the same way as the positive 
sign-magnitude numbers. Negative numbers, however, are the 1’s complements of the cor- 
responding positive numbers. For example, using eight bits, the decimal number —25 is 
expressed as the 1’s complement of +25 (00011001) as 


11100110 
In the 1’s complement form, a negative number is the 1’s complement of the cor- 
responding positive number. 


2's Complement Form 





Positive numbers in 2's complement form are represented the same way as in the sign- 

magnitude and 1’s complement forms. Negative numbers are the 2's complements of the 

corresponding positive numbers. Again, using eight bits, let's take decimal number —25 and 

express it as the 2's complement of +25 (00011001). Inverting each bit and adding 1, you get 
—25 = 11100111 


In the 2's complement form, a negative number is the 2's complement of the cor- 
responding positive number. 





The Decimal Value of Signed Numbers 
Sign-Magnitude 


Decimal values of positive and negative numbers in the sign-magnitude form are determined 
by summing the weights in all the magnitude bit positions where there are 1s and ignoring 
those positions where there are zeros. The sign is determined by examination of the sign bit. 


1's Complement 


Decimal values of positive numbers in the 1’s complement form are determined by sum- 
ming the weights in all bit positions where there are 1s and ignoring those positions where 
there are zeros. Decimal values of negative numbers are determined by assigning a nega- 
tive value to the weight of the sign bit, summing all the weights where there are 1s, and 
adding 1 to the result. 
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2's Complement 


Decimal values of positive and negative numbers in the 2's complement form are deter- 
mined by summing the weights in all bit positions where there are 1s and ignoring those 
positions where there are zeros. The weight of the sign bit in a negative number is given a 


negative value. | 


From these examples, you can see why the 2's complement form is preferred for rep- 
resenting signed integer numbers: To convert to decimal, it simply requires a summation 
of weights regardless of whether the number is positive or negative. The 1’s complement 
system requires adding 1 to the summation of weights for negative numbers but not for 
positive numbers. Also, the 1’s complement form is generally not used because two repre- 
sentations of zero (00000000 or 11111111) are possible. 


Range of Signed Integer Numbers 


The range of magnitude values We have used 8-bit numbers for illustration because the 8-bit grouping is common in most 
represented by binary numbers computers and has been given the special name byte. With one byte or eight bits, you can 
depends on the number of bits (n). represent 256 different numbers. With two bytes or sixteen bits, you can represent 65,536 
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different numbers. With four bytes or 32 bits, you can represent 4.295 X 10? different 
numbers. The formula for finding the number of different combinations of n bits is 


Total combinations — 2" 
For 2's complement signed numbers, the range of values for n-bit numbers is 
Range — —(2^75) to +(2"7! — 1) 


where in each case there is ‘one sign bit and n — 1 magnitude bits. For example, with four bits 
you can represent numbers in 2’s complement ranging from —(23) = -8to2? — 1 = +7. 
Similarly, with eight bits you can go from — 128 to +127, with sixteen bits you can go from 
— 32,768 to +32,767, and so on. There is one less positive number than there are negative 
numbers because zero is represented as a positive number (all zeros). 


Floating-Point Numbers 


To represent very large integer (whole) numbers, many bits are required. There is also a 
problem when numbers with both integer and fractional parts, such as 23.5618, need to be 
represented. The floating-point number system, based on scientific notation, is capable of 
representing very large and very small numbers without an increase in the number of bits 
and also for representing numbers that have both integer and fractional components. 

A floating-point number (also known as a real number) consists of two parts plus a 
sign. The mantissa is the part of a floating-point number that represents the magnitude of 
the number and is between 0 and 1. The exponent is the part of a floating-point number 
that represents the number of places that the decimal point (or binary point) is to be moved. 

A decimal example will be helpful in understanding the basic concept of floating-point 
numbers. Let’s consider a decimal number which, in integer form, is 241,506,800. The 
mantissa is .2415068 and the exponent is 9. When the integer is expressed as a floating- 
point number, it is normalized by moving the decimal point to the left of all the digits so 
that the mantissa is a fractional number and the exponent is the power of ten. The floating- 
point number is written as 


0.2415068 x 10? 


For binary floating-point numbers, the format is defined by ANSI/IEEE Standard 754-1985 
in three forms: single-precision, double-precision, and extended-precision. These all have the 
same basic formats except for the number of bits. Single-precision floating-point numbers 
have 32 bits, double-precision numbers have 64 bits, and extended-precision numbers have 80 
bits. We will restrict our discussion to the single-precision floating-point format. 


Single-Precision Floating-Point Binary Numbers 


In the standard format for a single-precision binary number, the sign bit (S) is the left-most 
bit, the exponent (E) includes the next eight bits, and the mantissa or fractional part (F) 
includes the remaining 23 bits, as shown next. 





32 bits ———————» 


4H Exponent (E) Mantissa (fraction, F) 


l bit 8 bits 23 bits 





In the mantissa or fractional part, the binary point is understood to be to the left of 
the 23 bits. Effectively, there are 24 bits in the mantissa because in any binary number the 
left-most (most significant) bit is always a 1. Therefore, this 1 is understood to be there 
although it does not occupy an actual bit position. 

The eight bits in the exponent represent a biased exponent, which is obtained by add- 
ing 127 to the actual exponent. The purpose of the bias is to allow very large or very 
small numbers without requiring a separate sign bit for the exponents. The biased exponent 
allows a range of actual exponent values from — 126 to +128. 

To illustrate how a binary number is expressed in floating-point format, let's use 
1011010010001 as an example. First, it can be expressed as 1 plus a fractional binary num- 
ber by moving the binary point 12 places to the left and then multiplying by the appropriate 
power of two. 
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1011010010001 — 1.011010010001 x 2"? 


Assuming that this is a positive number, the sign bit (S) is 0. The exponent, 12, is expressed 
as a biased exponent by adding it to 127 (12 + 127 = 139). The biased exponent (E) is 
expressed as the binary number 10001011. The mantissa is the fractional part (F) of the 
binary number, .011010010001. Because there is always a 1 to the left of the binary point 
in the power-of-two expression, it is not included in the mantissa. The complete floating- 
point number is 





S E p 


© | 10001011 | 01101001000100000000000 


Next, let’s see how to evaluate a binary number that is already in floating-point format. 
The general approach to determining the value of a floating-point number is expressed by 
the following formula: 


Number = (—1)$(1 + FyE-!27) 


To illustrate, let's consider the following floating-point binary number: 
EE F 


1 | 10010001 | 10001110001000000000000 | 


The sign bit is 1. The biased exponent is 10010001 = 145. Applying the formula, we get 
Number = (—1)! (1.10001110001)(2!5- 127) 
= (—1)(1.10001110001)(2!8) = —110001 1100010000000 


This floating-point binary number is equivalent to —407,688 in decimal. Since the expo- 
nent can be any number between — 126 and +128, extremely large and small numbers can 
be expressed. A 32-bit floating-point number can replace a binary integer number having 
129 bits. Because the exponent determines the position of the binary point, numbers con- 
taining both integer and fractional parts can be represented. 

There are two exceptions to the format for floating-point numbers: The number 0.0 is repre- 
sented by all Os, and infinity is represented by all 1s in the exponent and all Os in the mantissa. 
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2-7 Arithmetic Operations with Signed Numbers 
Addition 


The two numbers in an addition are the addend and the augend. The result is the sum. 
There are four cases that can occur when two signed binary numbers are added. 





1. Both numbers positive 
2. Positive number with magnitude larger than negative number 
3. Negative number with magnitude larger than positive number 
4. Both numbers negative 


Let's take one case at a time using 8-bit signed numbers as examples. The equivalent decimal 
numbers are shown for reference. 





Both numbers positive: 00000111 7 Addition of two positive numbers 
+ 00000100 TA yields a positive number. 
00001011 11 
The sum is positive and is therefore in true (uncomplemented) binary. 
Positive number with magnitude larger than negative number: Addition of a positive number and 
| a smaller negative number yields a 
00001 111 I5 positive number. 
+ 11111010 3-5 
Discard carry ———» 1 00001001 9 
The final carry bit is discarded. The sum is positive and therefore in true (uncomplemented) 
binary. 
Negative number with magnitude larger than positive number: Addition of a positive number and 
à larger negative number or two 
GOD HUE Hs negative numbers yields a negative 
_+ 11101000 hodie. number in 2's complement. 
11111000 —8 
The sum is negative and therefore in 2’s complement form. 
Both numbers negative: 11111011 “5 
+ 11110111 +:—9 
Discard carry ——» 1 11110010 —]4 


The final carry bit is discarded. The sum is negative and therefore in 2's complement form. 
In a computer, the negative numbers are stored in 2's complement form so, as you can 
see, the addition process is very simple: Add the two numbers and discard any final carry bit. 


Overflow Condition 


When two numbers are added and the number of bits required to represent the sum exceeds 
the number of bits in the two numbers, an overflow results as indicated by an incorrect sign 
bit. An overflow can occur only when both numbers are positive or both numbers are nega- 
tive. If the sign bit of the result is different than the sign bit of the numbers that are added, 
overflow is indicated. The following 8-bit example will illustrate this condition. 


01111101 125 

+ 00111010 + 58 

10110111 183 
má 


Sign incorrect ie la Pe | 


Magnitude incorrect 


In this example the sum of 183 requires eight magnitude bits. Since there are seven mag- 
nitude bits in the numbers (one bit is the sign), there is a carry into the sign bit which pro- 
duces the overflow indication. 
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Numbers Added Two at a Time 


Now let's look at the addition of a string of numbers, added two at a time. This can be accom- 
plished by adding the first two numbers, then adding the third number to the sum of the first 
two, then adding the fourth number to this result, and so on. This is how computers add strings 
of numbers. The addition of numbers taken two at a time is illustrated in Example 2-19. 





Subtraction 
Subtraction is addition with the sign Subtraction is a special case of addition. For example, subtracting +6 (the subtrahend) 
of the subtrahend changed. from +9 (the minuend) is equivalent to adding —6 to +9. Basically, the subtraction opera- 
tion changes the sign of the subtrahend and adds it to the minuend. The result of a subtrac- 
tion is called the difference. 
The sign of a positive or negative binary number is changed by taking its 2's 
complement. 


For example, when you take the 2's complement of the positive number 00000100 
(+4), you get 11111100, which is —4 as the following sum-of-weights evaluation 
shows: 


—128 + 64+ 32+ 16+8+4=—-4 


As another example, when you take the 2’s complement of the negative number 11101101 
(—19), you get 00010011, which is +19 as the following sum-of-weights evaluation 
shows: E 


16 4-2 1 19 


Since subtraction is simply an addition with the sign of the subtrahend changed, the 
process is stated as follows: 


When you subtract two binary 
numbers with the 2's complement To subtract two signed numbers, take the 2's complement of the subtrahend and 
method, it is important that both add. Discard any final carry bit. 


numbers have the same number > j 
of bits. Example 2-20 illustrates the subtraction process. 
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Multiplication 


The numbers in a multiplication are the multiplicand, the multiplier, and the product. 
These are illustrated in the following decimal multiplication: 


8 Multiplicand 
x3 Multiplier 
24 Product 


The multiplication operation in most computers is accomplished using addition. As you have 
already seen, subtraction is done with an adder; now let's see how multiplication is done. 

Direct addition and partial products are two basic methods for performing multiplica- 
tion using addition. In the direct addition method, you add the multiplicand a number of 
times equal to the multiplier. In the previous decimal example (8 X 3), three multiplicands 
are added: 8 + 8 + 8 = 24. The disadvantage of this approach is that it becomes very 
lengthy if the multiplier is a large number. For example, to multiply 350 X 75, you must 
add 350 to itself 75 times. Incidentally, this is why the term times is used to mean multiply. 

When two binary numbers are multiplied, both numbers must be in true (uncomple- 
mented) form. The direct addition method is illustrated in Example 2-21 adding two binary 
numbers at a time. | 


Multiplication is equivalent to 
adding a number to itself a number 
of times equal to the multiplier. 
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The partial products method is perhaps the more common one because it reflects 
the way you multiply longhand. The multiplicand is multiplied by each multiplier digit 
beginning with the least significant digit. The result of the multiplication of the multi- 
plicand by a multiplier digit is called a partial product. Each successive partial product 
is moved (shifted) one place to the left and when all the partial products have been pro- 
duced, they are added to get the final product. Here is a decimal example. 


239 Multiplicand 
X 123 Multiplier 
717 Ist partial product (3 X 239) 
' 478 2nd partial product (2 X 239) 
+ 239 3rd partial product (1 X 239) 
29,397 Final product 





The sign of the product of a multiplication depends on the signs of the multiplicand and 
the multiplier according to the following two rules: 


* Ifthe signs are the same, the product is positive. 
* Ifthe signs are different, the product is negative. 


The basic steps in the partial products method of binary multiplication are as follows: 


Step 1: Determine if the signs of the multiplicand and multiplier are the same or differ- 
ent. This determines what the sign of the product will be. 


Step 2: Change any negative number to true (uncomplemented) form. Because most 
computers store negative numbers in 2's complement, a 2's complement oper- 
ation is required to get the negative number into true form. 


Step 3: Starting with the least significant multiplier bit, generate the partial products. 
When the multiplier bit is 1, the partial product is the same as the multiplicand. 
When the multiplier bit is 0, the partial product is zero. Shift each successive 
partial product one bit to the left. 


Step 4: Add each successive partial product to the sum of the previous partial products 
to get the final product. 


Step 5: If the sign bit that was determined in step 1 is negative, take the 2's comple- 
ment of the product. If positive, leave the product in true form. Attach the sign 
bit to the product. 
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Division 


The numbers in a division are the dividend, the divisor, and the quotient. These are illus- 
trated in the following standard division format. 
| dividend _ ae 

divisor 4 
The division operation in computers is accomplished using subtraction. Since subtraction 
is done with an adder, division can also be accomplished with an adder. 

The result of a division is called the quotient; the quotient is the number of times that 
the divisor will go into the dividend. This means that the divisor can be subtracted from the 
dividend a number of times equal to the quotient, as illustrated by dividing 21 by 7. 


21 Dividend 


= Ist subtraction of divisor 
14 Ist partial remainder 
— 7 2nd subtraction of divisor 
7 2nd partial remainder 
— 7 3rd subtraction of divisor 
0 Zero remainder 


In this simple example, the divisor was subtracted from the dividend three times before a 
remainder of zero was obtained. Therefore, the quotient is 3. 

The sign of the quotient depends on the signs of the dividend and the divisor according 
to the following two rules: ; 


* If the signs are the same, the quotient is positive. 
* If the signs are different, the quotient is negative. 
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When two binary numbers are divided, both numbers must be in true (uncomplemented) 
form. The basic steps in a division process are as follows: 


Step 1: Determine if the signs of the dividend and divisor are the same or different. This 
determines what the sign of the quotient will be. Initialize the quotient to zero. 

Step 2: Subtract the divisor from the dividend using 2’s complement addition to get 
the first partial remainder and add 1 to the quotient. If this partial remainder is 
positive, go to step 3. If the partial remainder is zero or negative, the division 
is complete. : 

Step 3: Subtract the divisor from the partial remainder and add 1 to the quotient. If the 
result is positive, repeat for the next partial remainder. If the result is zero or 
negative, the division is complete. 


Continue to subtract the divisor from the dividend and the partial remainders until there is 
a zero or a negative result. Count the number of times that the divisor is subtracted and you 
have the quotient. Example 2—23 illustrates these steps using 8-bit signed binary numbers. 
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2-8 Hexadecimal Numbers 


The hexadecimal number system has a base of sixteen; that is, it is composed of 16 The hexadecimal number system 
numeric and alphabetic characters. Most digital systems process binary data in groups consists of digits 0-9 and letters A—F. 
that are multiples of four bits, making the hexadecimal number very convenient because 
each hexadecimal digit represents a 4-bit binary number (as listed in Table 2-3). 





4TABLE 2-3 

0 0000 0 
1 0001 1 
2 0010 2 
3 0011 3 
4 0100 4 
5 0101 5 
6 0110 6 
7 0111 7 
8 1000 8 
' 9 1001 9 
10 1010 A 
11 1011 B 
12 1100 C 
13 1101 D 
14 1110 E 
15 1111 F 


Ten numeric digits and six alphabetic characters make up the hexadecimal number sys- 
tem. The use of letters A, B, C, D, E, and F to represent numbers may seem strange at 
first, but keep in mind that any number system is only a set of sequential symbols. If 
you understand what quantities these symbols represent, then the form of the symbols 
themselves is less important once you get accustomed to using them. We will use the sub- 
script 16 to designate hexadecimal numbers to avoid confusion with decimal numbers. 
Sometimes you may see an “h” following a hexadecimal number. 


Counting in Hexadecimal 


How do you count in hexadecimal once you get to F? Simply start over with another col- 
umn and continue as follows: 


. E, F, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 1A, 1B, 1C, 1D, 1E, IF, 
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 2A, 2B, 2C, 2D, 2E, 2F, 30,31, ... 


With two hexadecimal digits, you can count up to FF;6, which is decimal 255. To count 
beyond this, three hexadecimal digits are needed. For instance, 100,6 is decimal 256, 101,6 
is decimal 257, and so forth. The maximum 3-digit hexadecimal number is FFFj¢, or deci- 
mal 4095. The maximum 4-digit hexadecimal number is FFFF,&, which is decimal 65,535. 





Hexadecimal is a convenient way 
to represent binary numbers. 


Conversion between hexadecimal 
and binary is direct and easy. 
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Binary-to-Hexadecimal Conversion 


Converting a binary number to hexadecimal is a straightforward procedure. Simply break 
the binary number into 4-bit groups, starting at the right-most bit and replace each 4-bit 
group with the equivalent hexadecimal symbol. 


Hexadecimal-to-Binary Conversion 


To convert from a hexadecimal number to a binary number, reverse the process and replace 
each hexadecimal symbol with the appropriate four bits. 


It should be clear that it is much easier to deal with a hexadecimal number than with the 
equivalent binary number. Since conversion is so easy, the hexadecimal system is widely 
used for representing binary numbers in programming, printouts, and displays. 


Hexadecimal-to-Decimal Conversion 


One way to find the decimal equivalent of a hexadecimal number is to first convert the 
hexadecimal number to binary and then convert from binary to decimal. 
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Another way to convert a hexadecimal number to its decimal equivalent is to multiply 
the decimal value of each hexadecimal digit by its weight and then take the sum of these 
products. The weights of a hexadecimal number are increasing powers of 16 (from right to 
left). For a 4-digit hexadecimal number, the weights are 


16 . 16? 16 16° 
4096 256 16 1 


Decimal-to-Hexadecimal Conversion 


Repeated division of a decimal number by 16 will produce the equivalent hexadecimal 
number, formed by the remainders of the divisions. The first remainder produced is the least 
significant digit (LSD). Each successive division by 16 yields a remainder that becomes a 
digit in the equivalent hexadecimal number. This procedure is similar to repeated division 
by 2 for decimal-to-binary conversion that was covered in Section 2-3. Example 2-28 
illustrates the procedure. Note that when a quotient has a fractional part, the fractional part 
is multiplied by the divisor to get the remainder. 


A calculator can be used to 
perform arithmetic operations with 
hexadecimal numbers. 
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Hexadecimal Addition 


Addition can be done directly with hexadecimal numbers by remembering that the hexadeci- 
mal digits 0 through 9 are equivalent to decimal digits 0 through 9 and that hexadecimal digits 
A through F are equivalent to decimal numbers 10 through 15. When adding two hexadeci- 
mal numbers, use the following rules. (Decimal numbers are indicated by a subscript 10.) 


1. In any given column of an addition problem, think of the two hexadecimal digits in 
terms of their decimal values. For instance, 546 = 510 and C46 = 1249. 

2. If the sum of these two digits is 15,9 or less, bring down the corresponding hexa- 
decimal digit. 

3. If the sum of these two digits is greater than 15,9, bring down the amount of the sum 
that exceeds 169 and carry a 1 to the next column. 





» FIGURE 2-3 


Getting the 2's complement 


of a hexadecimal number, 
Method 1. 


Hexadecimal Subtraction 


As you have learned, the 2's complement allows you to subtract by adding binary numbers. 
Since a hexadecimal number can be used to represent a binary number, it can also be used 


to represent the 2's complement of a binary number. 
There are three ways to get the 2's complement of a hexadecimal number. Method 1 is 


the most common and easiest to use. Methods 2 and 3 are alternate methods. 


Method 1: Convert the hexadecimal number to binary. Take the 2's complement of 
the binary number. Convert the result to hexadecimal. This is illustrated 


in Figure 2-3. 






EJ Digital Fundamentals, Eleventh Edition 


Method 2: Subtract the hexadecimal number from the maximum hexadecimal 
number and add 1. This is illustrated in Figure 2-4. 


* FIGURE 2-4 

Getting the 2's complement 
of a hexadecimal number, 

Method 2. 
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Method 3: Write the sequence of single hexadecimal digits. Write the sequence in 
reverse below the forward sequence. The 1’s complement of each hex 
digit is the digit directly below it. Add 1 to the resulting number to get the 


2's complement. This is illustrated in Figure 2-5. 





å FIGURE 2-5 
Getting the 2’s complement of a hexadecimal number, Method 3. 
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2-9 Octal Numbers 


The octal number system is composed of eight digits, which are 
0,1,2,3,4,5,6,7 
To count above 7, begin another column and start over: 
19,1, 12 13514, 45, 16, 17, 20,21, ... 


. The octal number system has a Counting in octal is similar to counting in decimal, except that the digits 8 and 9 are not 
base of 8. used. To distinguish octal numbers from decimal numbers or hexadecimal numbers, we 
will use the subscript 8 to indicate an octal number. For instance, 15g in octal is equivalent 
to 13,9 in decimal and D in hexadecimal. Sometimes you may see an “o” or a “Q” follow- 

ing an octal number. 


Octal-to-Decimal Conversion 


Since the octal number system has a base of eight, each successive digit position is an 
increasing power of eight, beginning in the right-most column with 8°. The evaluation of 
an octal number in terms of its decimal equivalent is accomplished by multiplying each 
digit by its weight and summing the products, as illustrated here for 23745. 
Weight: 8?8?8!g? 
' Octalnumber: 2 374 
2374 = (2 X 8) +(3 X 82) +. (7x85) + (4 x 8) 
= (2 X 512) + (3X 64) + (7 X 8) + (4X 1) 
=e.) 1094 7— 4 192 56 + 4 = 12764 


Decimal-to-Octal Conversion 


A method of converting a decimal number to an octal number is the repeated division- 
by-8 method, which is similar to the method used in the conversion of decimal numbers to 
binary or to hexadecimal. To show how it works, let’s convert the decimal number 359 to 
octal. Each successive division by 8 yields a remainder that becomes a digit in the equiva- 
lent octal number. The first remainder generated is the least significant digit (LSD). 


359 Remainder 
B = fies 0875 x 8 = 
a- =f =NI 8 = 4 
5 
g ~ 0-625 —> 0.625 X 8 = — 
Stop when whole number 54 T Octal number 


quotient is zero. MSD E Lx d 
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Octal-to-Binary Conversion 


Because each octal digit can be represented by a 3-bit binary number, it is very easy to 
convert from octal to binary. Each octal digit is represented by three bits as shown in 
Table 2-4. 


100 101 110 111 


To convert an octal number to a binary number, simply replace each octal digit with the 
appropriate three bits. . 


Binary-to-Octal Conversion 


Conversion of a binary number to an octal number is the reverse of the octal-to-binary 
conversion. The procedure is as follows: Start with the right-most group of three bits and, 
moving from right to left, convert each 3-bit group to the equivalent octal digit. If there 
are not three bits available for the left-most group, add either one or two zeros to make a 
complete group. These leading zeros do not affect the value of the binary number. 


Octal is a convenient way to 
represent binary numbers, but 
it is not as commonly used as 
hexadecimal. 


“TABLE 2-4 
Octal/binary conversion. 
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2-10 Binary Coded Decimal (BCD) 


The 8421 BCD Code 


In BCD, 4 bits represent each The 8421 code is a type of BCD (binary coded decimal) code. Binary coded decimal means 
decimal digit. that each decimal digit, 0 through 9, is represented by a binary code of four bits. The desig- 
re nation 8421 indicates the binary weights of the four bits (23, 27, 2!, 2°). The ease of conver- 
sion between 8421 code numbers and the familiar decimal numbers is the main advantage 
of this code. All you have to remember are the ten binary combinations that represent the 
ten decimal digits as shown in Table 2—5. The 8421 code is the predominant BCD code, and 

when we refer to BCD, we always mean the 8421 code unless otherwise stated. 


» TABLE 2-5 
Decimal/BCD conversion. 


0 1 2 3 4 5 6 7 8 9 
- 0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 





Invalid Codes . 


You should realize that, with four bits, sixteen numbers (0000 through 1111) can be repre- 
sented but that, in the 8421 code, only ten of these are used. The six code combinations that 
are not used—1010, 1011, 1100, 1101, 1110, and 1111—are invalid in the 8421 BCD code. 

To express any decimal number in BCD, simply replace each decimal digit with the 
appropriate 4-bit code, as shown by Example 2-33. 





It is equally easy to determine a decimal number from a BCD number. Start at the 
right-most bit and break the code into groups of four bits. Then write the decimal digit 
represented by each 4-bit group. 
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Applications 


Digital clocks, digital thermometers, digital meters, and other devices with seven-segment 
displays typically use BCD code to simplify the displaying of decimal numbers. BCD is 
not as efficient as straight binary for calculations, but it is particularly useful if only limited 
processing is required, such as in a digital thermometer. 


BCD Addition 


BCD is a numerical code and can be used in arithmetic operations. Addition is the most 
important operation because the other three operations (subtraction, multiplication, and 
division) can be accomplished by the use of addition. Here is how to add two BCD 
numbers: . 


Step 1: Add the two BCD numbers, using the rules for binary addition in Section 2—4. 
Step 2: If a 4-bit sum is equal to or less than 9, it is a valid BCD number. 


Step 3: If a 4-bit sum is greater than 9, or if a carry out of the 4-bit group is generated, 
it is an invalid result. Add 6 (0110) to the 4-bit sum in order to skip the six 
invalid states and return the code to 8421. If a carry results when 6 is added, 
simply add the carry to the next 4-bit group. 


Example 2-35 illustrates BCD additions in which the sum in each 4-bit column is equal 
to or less than 9, and the 4-bit sums are therefore valid BCD numbers. Example 2-36 illus- 
trates the procedure in the case of invalid sums (greater than 9 or a carry). 

An alternative method to add BCD numbers is to convert them to decimal, perform the', 
addition, and then convert the answer back to BCD. 
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2-11 Digital Codes 
The Gray Code 


The Gray code is unweighted and is not an arithmetic code; that is, there are no specific — The single bit change characteristic 
weights assigned to the bit positions. The important feature of the Gray code is that it of the Gray code minimizes the 
exhibits only a single bit change from one code word to the next in sequence. This property Chance for error. 
is important in many applications, such as shaft position encoders, where error suscepti- 
bility increases with the number of bit changes between adjacent numbers in a sequence. 
Table 2-6 is a listing of the 4-bit Gray code for decimal numbers 0 through 15. Binary 
numbers are shown in the table for reference. Like binary numbers, the Gray code can have 
any number of bits. Notice the single-bit change between successive Gray code words. 
For instance, in going from decimal 3 to decimal 4, the Gray code changes from 0010 to 
0110, while the binary code changes from 0011 to 0100, a change of three bits. The only 
bit change in the Gray code is in the third bit from the right: the other bits remain the same. 


“<TABLE 2-6 
Four-bit Gray code. 





0000 0000 8 1000 1100 


0 

1 0001 0001 9 1001 1101 
2 0010 0011 10 1010 1111 
3 0011 0010 11 1011 1110 
4 0100 0110 12 1100 1010 
5 0101 0111 13 1101 1011 
6 0110 0101 14 1110 1001 
7 0111 0100 15 1111 1000 


Binary-to-Gray Code Conversion 


Conversion between binary code and Gray code is sometimes useful. The following rules 
explain how to convert from a binary number to a Gray code word: 


1. The most significant bit (left-most) in the Gray code is the same as the corresponding 
MSB in the binary number. 

2. Going from left to right, add each adjacent pair of binary code bits to get the next 
Gray code bit. Discard carries. 

For example, the conversion of the binary number 10110 to Gray code is as follows: 


L290 = fs I aa 0 Binary 
l l | l 
1 1 1 0 l Gray 


The Gray code is 11101. 


Gray-to-Binary Code Conversion 


To convert from Gray code to binary, use a similar method; however, there are some differ- 
ences. The following rules apply: 


1. The most significant bit (left-most) in the binary code is the same as the correspond- 
ing bit in the Gray code. 

2. Add each binary code bit generated to the Gray code bit in the next adjacent position. 
Discard carries. 


For example, the conversion of the Gray code word 11011 to binary is as follows: 


] 1 0 l l Gray 
A m A m 

tt id b: 4 

| 0 0 l 0 Binary 


The binary number is 10010. 
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An Application 


The concept of a 3-bit shaft position encoder is shown in Figure 2-6. Basically, there are 
three concentric rings that are segmented into eight sectors. The more sectors there 
are, the more accurately the position can be represented, but we are using only eight 
to illustrate. Each sector of each ring is either reflective or nonreflective. As the rings 
rotate with the shaft, they come under an IR emitter that produces three separate IR 
beams. A 1 is indicated where there is a reflected beam, and a 0 is indicated where 
there is no reflected beam. The IR detector senses the presence or absence of reflected 
beams and produces a corresponding 3-bit code. The IR emitter/detector is in a fixed 
position. As the shaft rotates counterclockwise through 360°, the eight sectors move 
under the three beams. Each beam is either reflected or absorbed by the sector surface 
to represent a binary or Gray code number that indicates the shaft position. 


“ee 





Reflected Nonreflected 





(b) Gray code 


4 FIGURE 2-6 

A simplified illustration of how the Gray code solves the error problem in shaft 
position encoders. Three bits are shown to illustrate the concept, although most shaft 
encoders use more than 10 bits to achieve a higher resolution. 


In Figure 2—6(a), the sectors are arranged in a straight binary pattern, so that the detector 
output goes from 000 to 001 to 010 to 011 and so on. When a beam is aligned over a reflective 
sector, the output is 1; when a beam is aligned over a nonreflective sector, the output is 0. If 
one beam is slightly ahead of the others during the transition from one sector to the next, an 
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erroneous output can occur. Consider what happens when the beams are on the 111 sector and 
about to enter the 000 sector. If the MSB beam is slightly ahead, the position would be incor- 
rectly indicated by a transitional 011 instead of a 111 or a 000. In this type of application, it 
is virtually impossible to maintain precise mechanical alignment of the IR emitter/detector 
beams; therefore, some error will usually occur at many of the transitions between sectors. 

The Gray code is used to eliminate the error problem which is inherent in the binary code. 
As shown in Figure 2—6(b), the Gray code assures that only one bit will change between 
adjacent sectors. This means that even though the beams may not be in precise alignment, 
there will never be a transitional error. For example, let's again consider what happens when 
the beams are on the 111 sector and about to move into the next sector, 101. The only two 
possible outputs during the transition are 111 and 101, no matter how the beams are aligned. 
A similar situation occurs at the transitions between each of the other sectors. 


Alphanumeric Codes 


In order to communicate, you need not only numbers, but also letters and other symbols. In 
the strictest sense, alphanumeric codes are codes that represent numbers and alphabetic 
characters (letters). Most such codes, however, also represent other characters such as sym- 
bols and various instructions necessary for conveying information. 

At a minimum, an alphanumeric code must represent 10 decimal digits and 26 letters of the 
alphabet, for a total of 36 items. This number requires six bits in each code combination because 
five bits are insufficient (2? — 32). There are 64 total combinations of six bits, so there are 
28 unused code combinations. Obviously, in many applications, symbols other than just num- 
bers and letters are necessary to communicate completely. You need spaces, periods, colons, 
semicolons, question marks, etc. You also need instructions to tell the receiving system what to 
do with the information. With codes that are six bits long, you can handle decimal numbers, the 
alphabet, and 28 other symbols. This should give you an idea of the requirements for a basic 
alphanumeric code. The ASCII is a common alphanumeric code and is covered next. 





2-12 Error Codes 
Parity Method for Error Detection 


Many systems use a parity bit as a means for bit error detection. Any group of bits contain A parity bit tells if the number of 1s 
either an even or an odd number of 1s. A parity bit is attached to a group of bits to make is odd or even. 
the total number of 1s in a group always even or always odd. An even parity bit makes the 
total number of 1s even, and an odd parity bit makes the total odd. 
A given system operates with even or odd parity, but not both. For instance, if a system 
operates with even parity, a check is made on each group of bits received to make sure the 
total number of 1s in that group is even. If there is an odd number of 1s, an error has occurred. 
As an illustration of how parity bits are attached to a code, Table 2-7 lists the parity bits 
for each BCD number for both even and odd parity. The parity bit for each BCD number is in 
the P column. 


The parity bit can be attached to the code at either the beginning or the end, depending 
on system design. Notice that the total number of 1s, including the parity bit, is always even 
for even parity and always odd for odd parity. 
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YTABLE2-7 petecting an Error 
The BCD code with parity bits. 


A parity bit provides for the detection of a single bit error (or any odd number of errors, which 
is very unlikely) but cannot check for two errors in one group. For instance, let's assume that 
we wish to transmit the BCD code 0101. (Parity can be used with any number of bits; we are 
using four for illustration.) The total code transmitted, including the even parity bit, is 


bun Leti Even parity bit 


00101 


procedi 


T. BCD code 


Now let's assume that an error occurs in the third bit from the left (the 1 becomes a 0). 


elaine Even parity bit 
00001 





Lor 
—-—o0—-—-.0-.00 [we 


When this code is received, the parity check circuitry determines that there is only a single 
- 1 (odd number), when there should be an even number of 1s. Because an even number of 
Is does not appear in the code when it is received, an error is indicated. 

An odd parity bit also provides in a similar manner for the detection of a single error in 
a given group of bits. 





Cyclic Redundancy Check 


The cyclic redundancy check (CRC) is a widely used code used for detecting one- and 
two-bit transmission errors when digital data are transferred on a communication link. 
The communication link can be between two computers that are connected to a network 
or between a digital storage device (such as a CD, DVD, or a hard drive) and a PC. If it is 
properly designed, the CRC can also detect multiple errors for a number of bits in sequence 
(burst errors). In CRC, a certain number of check bits, sometimes called a checksum, are 
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appended to the data bits (added to end) that are being transmitted. The transmitted data 
are tested by the receiver for errors using the CRC. Not every possible error can be identi- 
fied, but the CRC is much more efficient than just a simple parity check. 

CRC is often described mathematically as the division of two polynomials to generate a 
remainder. A polynomial is a mathematical expression that is a sum of terms with positive 
exponents. When the coefficients are limited to 1s and Os, it is called a univariate polynomial. 
An example of a univariate polynomial is lx^ + Ox? + 1x! + 1x° or simply etx! + o, 
which can be fully described by the 4-bit binary number 1011. Most cyclic redundancy checks 


use a 16-bit or larger polynomial, but for simplicity the process is illustrated here with four bits. Y TABLE 2-8 


Modulo-2 Operations Modulo-2 operation. 


Simply put, CRC is based on the division of two binary numbers; and, as you know, division 
is just a series of subtractions and shifts. To do subtraction, a method called modulo-2 addi- 





tion can be used. Modulo-2 addition (or subtraction) is the same as binary addition with the 00 0 
carries discarded, as shown in the truth table in Table 2-8. Truth tables are widely used to 01 1 
describe the operation of logic circuits, as you will learn in Chapter 3. With two bits, there 10 1 
is a total of four possible combinations, as shown in the table. This particular table describes 14 6 


the modulo-2 operation also known as exclusive-OR and can be implemented with a logic 


gate that will be introduced in Chapter 3. A simple rule for modulo-2 is that the output is 1 
if the inputs are different; otherwise, it is 0. 


CRC Process 


The process is as follows: 


1. Select a fixed generator code; it can have fewer bits than the data bits to be checked. 
This code is understood in advance by both the sending and receiving devices and 
must be the same for both. 


2. Append a number of Os equal to the number of bits in the generator code to the data bits. 


3. Divide the data bits including the appended bits by the generator code bits using 
modulo-2. 


4. If the remainder is O, the data and appended bits are sent as is. 


5. If the remainder is not 0, the appended bits are made equal to the remainder bits in 
order to get a 0 remainder before data are sent. 


6. At the receiving end, the receiver divides the incoming appended data bit code by 
the same generator code as used by the sender. 


7. If the remainder is 0, there is no error detected (it is possible in rare cases for multi- 
ple errors to cancel). If the remainder is not 0, an error has been detected in the trans- 
mission and a retransmission is requested by the receiver. 


Figure 2-7 illustrates the CRC process. 


Data bits plus 
appended bits 





Data bits plus appended bits | 





Remainder — 0 


y data bits 


Remainder + 0 





x-bit generator code 






(a) Transmitting end of communication link 
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» FIGURE 2-7 
The CRC process. 


Data bits plus appended bits 


x-bit generator code 


(b) Receiving end of communication link 
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The decimal number system is a weighted system with ten digits. 
The binary number system is a weighted system with two digits. 
LSB stands for lowest single bit. 

In binary, 1 + 1 = 2. 

The 1’s complement of the binary number 1010 is 0101. 
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6. The 2's complement of the binary number 0001 is 1110. 
7. The right-most bit in a signed binary number is the sign bit. 
8. The hexadecimal number system has 16 characters, six of which are alphabetic characters. 
9. BCD stands for binary coded decimal. 
10. CRC stands for cyclic redundancy check. 
11. The modulo-2 sum of 11 and 10 is 100. 


Answers are at the end of the chapter. 


1. 2 x 10! + 8 x 10° is equal to 
(a) 10 (b) 280 (c) 2.8 (d) 28 


2. The binary number 1101 is equal to the decimal number 





(a) 13 (b) 49 (c) 11 (d) 3 
3. The binary number 11011101 is equal to the decimal number 
(a) 121 (b) 221 (c) 441 (d) 256 


4. The decimal number 17 is equal to the binary number 
(a) 10010 (b) 11000 (c) 10001 (d) 01001 


" 5. The decimal number 175 is equal to the binary number 
(a) 11001111 (b) 10101110 (c) 10101111 (d) 11101111 
6. The sum of 11010 + 01111 equals 
(a) 101001 (b) 101010 (c) 110101 (d) 101000 
7. The difference of 110 — 010 equals 
(a) 001 (b) 010 (c) 101 (d) 100 


8. The 1’s complement of 10111001 is 
(a) 01000111 (b) 01000110 (c) 11000110 (d) 10101010 


9, The 2's complement of 11001000 is 
(a) 00110111 (b) 00110001 (c) 01001000 (d) 00111000 


10. The decimal number + 122 is expressed in the 2's complement form as 
(a) 01111010 (b) 11111010 (c) 01000101 (d) 10000101 


11. The decimal number —34 is expressed in the 2's complement form as 
(a) 01011110 (b) 10100010 (c) 11011110 (d) 01011101 


12. A single-precision floating-point binary number has a total of 
(a) 8bits (b) 16bits (c) 24bits (d) 32 bits 


13. In the 2’s complement form, the binary number 10010011 is equal to the decimal number 
(a) —19 (b) +109 (c) +91 (d) —109 


14. The binary number 101100111001010100001 can be written in octal as 


(a) 5471230g (b) 5471241g (c) 2634521, (d) 23162501, 
15. The binary number 10001101010001101111 can be written in hexadecimal as 
(a) AD467,6 (b) 8C46Fi¢ (c) 8D46F j¢ (d) AE46Fi¢ 

16. The binary number for F7A9j¢ is 
(a) 1111011110101001 (b) 1110111110101001 
(c) 1111111010110001 (d) 1111011010101001 


17. The BCD number for decimal 473 is 
(a) 111011010 (b) 110001110011 (c) 010001110011 (d) 010011110011 


18. The code that has an even-parity error is 
(a) 1010011 (b) 1101000 (c) 1001000 (d) 1110111 


19. In the cyclic redundancy check, the absence of errors is indicated by 
(a) Remainder — generator code (b) Remainder = 0 
(c) Remainder = 1 (d) Quotient = 0 






rs to odd- id-numbered problems are at the end of the book. 


Section 2-1 Decimal Numbers 
1. What is the weight of the digit 6 in each of the following decimal numbers? 
(a) 1386 (b) 54,692 (c) 671,920 
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2. Express each of the following decimal numbers as a power of ten: 
(a) 10 (b) 100 (c) 10,000 d) 1,000,000 

3. Give the value of each digit in the following decimal numbers: 
(a) 471 (b) 9356 (c) 125,000 

4. How high can you count with four decimal digits? 


Section 2-2 Binary Numbers 
5. Convert the following binary numbers to decimal: 


(a) 11 (b) 100 (c) 111 (d) 1000 
(e) 1001 (f) 1100 (g) 1011 (h) 1111 


6. Convert the following binary numbers to decimal: 


(a) 1110 (b) 1010 (c) 11100 (d) 10000 
(e 10101 (f) 11101 (g) 10111 (h) 11111 


7. Convert each binary number to decimal: 


(a) 110011.11 (b) 101010.01 (c) 1000001.111 
(d) 1111000.101 (e) 1011100.10101 (£) 1110001.0001 
(g) 1011010.1010 (h) 1111111.11111 
8. What is the highest decimal number that can be represented by each of the following numbers 
of binary digits (bits)? 


(a) two (b) three (c) four (d) five (e) six 
(f) seven (g) eight (h) nine (i) ten (j) eleven 
9. How many bits are required to represent the following decimal numbers? 
(a) 17 (b) 35 (c) 49 (d) 68 
(e) 81 (f) 114 (g) 132 (h) 205 
10. Generate the binary sequence for each decimal sequence: 


(a) 0 through 7 (b) 8 through 15 (c) 16 through 31 
(d) 32 through 63 (e) 64 through 75 


Section 2-3 Decimal-to-Binary Conversion 
11. Convert each decimal number to binary by using the sum-of-weights method: 


(a) 10 (b) 17 (c) 24 (d) 48 
(e) 61 (f) 93 (g) 125 (h) 186 


12. Convert each decimal fraction to binary using the sum-of-weights method: 
(a) 0.32 (b) 0.246 (c) 0.0981 

13. Convert each decimal number to binary using repeated division by 2: 
(a) 15 (b) 21 (c) 28 (d) 34 
(e) 40 (f) 59 (g) 65 (h) 73 

14. Convert each decimal fraction to binary using repeated multiplication by 2: 
(a) 0.98 (b) 0.347 (c) 0.9028 


Section 2-4 Binary Arithmetic 
15. Add the binary numbers: 


(a) 11 + 01 (b) 10 + 10 (c) 101 + 11 

(d) 111 + 110 (e) 1001 + 101 (f) 1101 + 1011 
16. Use direct subtraction on the following binary numbers: 

(a) 11 — 1 (b) 101 — 100 (c) 110 — 101 

(d) 1110 — 11 (e) 1100 — 1001 (f) 11010 — 10111 
17. Perform the following binary multiplications: 

(a) 11 X 11 (b) 100 x 10 (c) 111 X 101 

(d) 1001 X 110 (e) 1101 X 1101 (f) 1110 X 1101 


18. Divide the binary numbers as indicated: 
(a) 100 — 10 (b) 1001 + 11 (c) 1100 + 100 
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Section 2-5 Complements of Binary Numbers 
19. What are two ways of representing zero in 1’s complement form? 
20. How is zero represented in 2's complement form? 


21. Determine the |’s complement of each binary number: 


(a) 101 (b) 110 (c) 1010 
(d) 11010111 (e) 1110101 (f) 00001 
22. Determine the 2's complement of each binary number using either method: 
(a) 10 (b) 111 (c) 1001 (d) 1101 
(e) 11100 (£) 10011 (g) 10110000 (h) 00111101 


Section 2-6 Signed Numbers 

23. Express each decimal number in binary as an 8-bit sign-magnitude number: 
(a) +29 (b) —85 (c) +100 (d) —123 

24. Express each decimal number as an 8-bit number in the 1’s complement form: 
(a) —34 (b) +57 (c) —99 (d) +115 

25. Express each decimal number as an 8-bit number in the 2's complement form: 
(a) +12 (b) —68 (c) +101 (d) —125 


26. Determine the decimal value of each signed binary number in the sign-magnitude form: 


(a) 10011001 (b) 01110100 (c) 10111111 

27. Determine the decimal value of each signed binary number in the 1’s complement form: 
(a) 10011001 (b) 01110100 (c) 10111111 

28. Determine the decimal value of each signed binary number in the 2's complement form: 
(a) 10011001 (b) 01110100 (c) 10111111 

29. Express each of the following sign-magnitude binary numbers in single-precision floating- 
point format: 


(a) 0111110000101011 (b) 100110000011000 
30. Determine the values of the following single-precision floating-point numbers: 


(a) 1 10000001 01001001 110001000000000 
(b) 0 11001100 10000111110100100000000 


Section 2-7 Arithmetic Operations with Signed Numbers 
31. Convert each pair of decimal numbers to binary and add using the 2's complement form: 
(a) 33 and 15 (b) 56 and —27 (c) —46 and 25 (d) —110 and —84 
32. Perform each addition in the 2's complement form: 
(a) 00010110 + 00110011 (b) 01110000 + 10101111 
33. Perform each addition in the 2's complement form: 
(a) 10001100 + 00111001 (b) 11011001 + 11100111 
34. Perform each subtraction in the 2's complement form: 
(a) 00110011 — 00010000 (b) 01100101 — 11101000 
35. Multiply 01101010 by 11110001 in the 2's complement form. 
36. Divide 01000100 by 00011001 in the 2's complement form. 


Section 2-8 Hexadecimal Numbers 
37. Convert each hexadecimal number to binary: 
(a) 3816 (b) 5916 (c) Aldjg (d) SC8i¢ 
(e) 4100165 (f) FB17;6 (g) 8A9Djg 
38. Convert each binary number to hexadecimal: 
(a) 1110 (b) 10 (c) 10111 
(d) 10100110 (e) 1111110000 (f) 100110000010 
39. Convert each hexadecimal number to decimal: 
(a) 2316 (b) 9216 (c) 1A, (d) 8D; 
(e) F316 (f) EB; (g) 5C2,& (h) 70016 
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40. Convert each decimal number to hexadecimal: 


(a) 8 (b) 14 (c) 33 (d) 52 
(e) 284 (f) 2890 (g) 4019 (h) 6500 


41. Perform the following additions: 

(a) 37,5 + 2916 (b) AOig + 6Bj, (c) ~ FF ig  BByjg 
42. Perform the following subtractions: 

(a) 51,65 — 4016 (b) C816 — 3A16 (c) FDi¢ — 8816 





Section 2-9 Octal Numbers 
43. Convert each octal number to decimal: 


(a) 12g (b) 27g (c) 56g (d) 645 (e) 103 
(D 5574 — (g 163, (h) 1024, (i) 7765; 


44. Convert each decimal number to octal by repeated division by 8: 


(a) 15 (b) 27 (c) 46 (d) 70 
(e) 100 (f) 142 (g) 219 (h) 435 
45. Convert each octal number to binary: 
(a) 13g (b) 57g (c) 101g (d) 321g (e) 540g 


(f) 4653; (g) 13271; (h) 45600, (i) 100213; 
46. Convert each binary number to octal: 


(a) 111 (b) 10 (c) 110111 
(d) 101010 (e) 1100 (f) 1011110 
(g) 101100011001 (h) 10110000011 (i) 111111101111000 


Section 2-10 Binary Coded Decimal (BCD) 
47. Convert each of the following decimal numbers to 8421 BCD: 


(a) 10 (b) 13 (c) I8 (d) 21 (e) 25 (f) 36 
(g) 44 (h) 57 (i) 69 () 98 (k) 125 (D 156 


48. Convert each of the decimal numbers in Problem 47 to straight binary, and compare the 
number of bits required with that required for BCD. 


49. Convert the following decimal numbers to BCD: 


(a) 104 (b) 128 (c) 132 (d) 150 (e) 186 
(f) 210 (g) 359 (h) 547 (i) 1051 


50. Convert each of the BCD numbers to decimal: 


(a) 0001 (b) 0110 (c) 1001 

(d) 00011000 (e) 00011001 (f) 00110010 

(g) 01000101 (h) 10011000 (i) 100001110000 
51. Convert each of the BCD numbers to decimal: 

(a) 10000000 (b) 001000110111 

(c) 001101000110 (d) 010000100001 

(e) 011101010100 (f) 100000000000 

(g) 100101111000 (h) 000101101000001 1 

(i) 100100000001 1000 (j) 0110011001100111 
52. Add the following BCD numbers: 

(a) 0010 + 0001 (b) 0101 + 0011 

(c) 0111 + 0010 (d) 1000 + 0001 

(e) 00011000 + 00010001 (£) 01100100 + 00110011 

(g) 01000000 + 01000111 (h) 10000101 + 00010011 
53. Add the following BCD numbers: 

(a) 1000 + 0110 (b) 0111 + 0101 

(c) 1001 + 1000 (d) 1001 + 0111 

(e) 00100101 + 00100111 (£) 01010001 + 01011000 

(g) 10011000 + 10010111 (h) 010101100001 + 011100001000 
54. Convert each pair of decimal numbers to BCD, and add as indicated: 

(a) 4+ 3 (b) 5 + 2 (c) 6+ 4 (d) 17 4 12 


(e) 28 + 23 (f) 65 + 58 (g) 113 + 101 (h) 295 + 157 
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Section 2-11 Digital Codes 


55. In a certain application a 4-bit binary sequence cycles from 1111 to 0000 periodically. There 
are four bit changes, and because of circuit delays, these changes may not occur at the same 
instant. For example, if the LSB changes first, the number will appear as 1110 during the 
transition from 1111 to 0000 and may be misinterpreted by the system. Illustrate how the Gray 


code avoids this problem. 
56. Convert each binary number to Gray code: 

(a) 11011 (b) 1001010 (c) 1111011101110 
57. Convert each Gray code to binary: 

(a) 1010 (b) 00010 (c) 11000010001 


Section 2-12 Error Codes 
58. Determine which of the following even parity codes are in error: 

(a) 100110010 (b) 011101010 (c) 10111111010001010 
59. Determine which of the following odd parity codes are in error: 


(a) 11110110 (b) 00110001 (c) 01010101010101010 
p 60. Attach the proper even parity bit to each of the following bytes of data: 
(a) 10100100 (b) 00001001 (c) 11111110 


61. Apply modulo-2 to the following: 
(a) 1100 + 1011 (b) 1111 + 0100 (c) 10011001 + 100011100 
62. Verify that modulo-2 subtraction is the same as modulo-2 addition by adding the result of each 


operation in problem 66 to either of the original numbers to get the other number. This will 
show that the result is the same as the difference of the two numbers. 


63. Apply CRC to the data bits 10110010 using the generator code 1010 to produce the transmitted 
CRC code. 


64. Assume that the code produced in problem 68 incurs an error in the most significant bit during 
transmission. Apply CRC to detect the error. 






SECTION CHECKUPS 
Section 2-1 Decimal Numbers 
1. (a) 1370: 10 (b) 6725: 100 (c) 7051: 1000 (d) 58.72: 0.1 
2. (a) 51 = (5 X 10) + (1 X 1) 
(b)137 = (1 X 100) + (3 X 10) + (7 X 1) 
(c) 1492 = (1 X 1000) + (4 X 100) + (9 X 10) + (2 X 1) 
(d) 106.58 = (1 X 100) + (0 X 10) + (6 X 1) + (5 X 0.1) + (8 X 0.01) 
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Section 2-2 Binary Numbers 
1.25 — 1 = 255 
2. Weight is 16. 
3. 10111101.011 = 189.375 


Section 2-3 Decimal-to-Binary Conversion 
1. (a) 23 = 10111 (b) 57 = 111001 (c) 45.5 = 101101.1 
2. (a) 14 = 1110 (b) 21 = 10101 (c) 0.375 = 0.011 


Section 2-4 Binary Arithmetic 

1. (a) 1101 + 1010 = 10111 (b) 10111 + 01101 = 100100 
2. (a) 1101 — 0100 = 1001 (b) 1001 — 0111 = 0010 

3. (a) 110 X 111 — 101010 (b) 1100 + 011 = 100 
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Section 2-5 Complements of Binary Numbers 
1. (a) 1’s comp of 00011010 = 11100101 (b) 1’s comp of 11110111 = 00001000 
(c) 1’s comp of 10001101 = 01110010 
2. (a) 2's comp of 00010110 — 11101010 (b) 2's comp of 11111100 — 00000100 
(c) 2's comp of 10010001 — 01101111 


Section 2-6 Signed Numbers 
1. Sign-magnitude: +9 = 00001001 
2. 1’s comp: —33 = 11011110 
3. 2's comp: —46 = 11010010 
4. Sign bit, exponent, and mantissa 


Section 2-7 Arithmetic Operations with Signed Numbers 


1. Cases of addition: positive number is larger, negative number is larger, both are positive, bo 
are negative 


00100001 + 10111100 = 11011101 

. 01110111 — 00110010 = 01000101 

. Sign of product is positive. 

00000101 X 01111111 = 01001111011 
. Sign of quotient is negative. 

00110000 + 00001100 = 00000100 


HO ^ ew DP 


Section 2-8 Hexadecimal Numbers 
1. (a) 10110011 = B3,g (b) 110011101000 = CES8; 
2. (a) 57,5 = 01010111 (b) 3A5;s = 001110100101 
(c) F8OB,s = 1111100000001011 
3. 9B3016 = 39,728,0 
4, 573,9 = 23D 6 
5. (a) 1816 + 3416 = 4Cig (b) 3Fig + 2A,6 = 6916 
6. (a) 7516 — 21,6 = 5416 (b) 9416 — SCig = 3816 


Section 2-9 Octal Numbers 


1. (a) 73g = 5910 (b) 125g = 8510 

2. (a) 9819 = 142; (b) 163,9 = 243; 

3. (a) 465 = 100110 (b) 723g = 111010011 (c) 5624 = 101110010100 
4. (a) 110101111 = 657g (b) 1001100010 = 1142. (c) 10111111001 — 2771g 


Section 2-10 Binary Coded Decimal (BCD) 
1. (a) 0010: 2 (b) 1000: 8 (c) 0001: 1 (d) 0100: 4 
2. (a) 6,9 = 0110 (b) 15,9 = 00010101 (c) 273,9. = 001001110011 
(d) 849,9 — 100001001001 
3. (a) 10001001 = 89,9 (b) 001001111000 = 278,9 (c) 000101010111 = 15740 
4. A 4-bit sum is invalid when it is greater than 9,0. 


Section 2-11 Digital Codes 
1. (a) 1100; = 1010 Gray (b) 1010) = 1111 Gray (c) 110105 = 10111 Gray 
2. (a) 1000 Gray = 1111) (b) 1010 Gray — 1100; (c) 11101 Gray — 101105 


Section 2-12 Error Codes 
1. (c) 0101 has an error. 
2. (d) 11111011 has an error. 
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3. (a) 10101001 (b) 01000001 (c) 11101110 (d) 10001101 
' 4. Cyclic redundancy check 
5. (a) 0 (b) 0 (c) 1 (d) 1 


RELATED PROBLEMS FOR EXAMPLES 
2-1 9 has a value of 900, 3 has a value of 30, 9 has a value of 9. 


2-2 6 has a value of 60, 7 has a value of 7, 9 has a value of 9/10 (0.9), 2 has a value of 2/100 
(0.02), 4 has a value of 4/1000 (0.004). 


2-3 10010001 = 128 + 16 + 1 = 145 

24 10.111 = 2 + 0.5 + 0.25 + 0.125 = 2.875 
2-5 125 = 64 + 32 + 16 + 8 + 4 + 1 = 1111101 
2-6 39 — 100111 

2-7 1111 + 1100 = 11011 

2-8 111 — 100 = 011 

2-9 110 — 101 = 001 

2-10 1101 X 1010 = 10000010 

2-11 1100 + 100 = 11 

2-12 00110101 

2-13 01000000 

2-14 See Table 2-9. 





» TABLE 2-9 
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+19 00010011 


—19 10010011 11101100 11101101 





2-15 01110111 = —119jo 
2-16 11101011 = —20j9 
2-17 11010111 = —41jg 


2-18 1100001000101001 1000000000 

2-19 01010101 

2-20 00010001 

2-21 1001000110 

2-22 (83)(—59) = —4897 (10110011011111 in 2's comp) 
2-23 100 + 25 = 4 (0100) 

2-24 4F79Ci¢ 

2-25 0110101111010011, 


2-26 6BD; = 011010111101 = 22 + 29 + 274+ 25 + 24+ 23 + 27 + 2° 
1024 + 512 + 128 + 32 + 16 + 8 + 4 + 1 = 172540 


2-27 60A;6 = (6 X 256) + (0 X 16) + (10 X 1) = 154649 
2-28 2591,9 = AlFic 
2-29 4C46 + 3A46 = 8616 
2-30 BCDi¢ — 173,6 = A5A}6 
2-31 (a) 0010115 = 11,9 = 13g (b) 0101015 = 21,9 = 25g 
(c) 001100000, = 96,9 = 140g (d) 111101010110; = 3926,9 = 7526; 
2-32 1250762, 
2-33 1001011001110011 
2-34 82,276 10 
2-35 1001100101101000 
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2-36 10000010 

2-37 (a) 111011 (Gray) 
2-38 01001011 

2-39 Yes 

2-40 A 0 remainder results 
2-41 Errors are indicated. 


TRUE/FALSE QUIZ 
1. T 2. T 
11. F 


SELF-TEST 
1. (d) 2. (a) 
9. (d) 10. (a) 
17. (c) 18. (b) 


3. (b) 
11. (€) 
19. (b) 


a. F 4. 


(b) 111010, 
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8. (b) 
16. (a) 


6. (a) 
14. (b) 


7. (d) 
15. (c) 


4. (c) 
12. (d) 


S. (c) 
13. (d) 
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FFIGURE3-1 
Standard logic symbols for the 
inverter (ANSI/IEEE Std. 91- 


The Inverter 
The AND Gate 
The OR Gate 
The NAND Gate 


The Inverter 





1984/Std. 91a-1991). 





3-5 The NOR Gate 
3-6 The Exclusive-OR and Exclusive-NOR Gates 
3-7 . Fixed-Function Logic Gates 


Standard logic symbols for the inverter are shown in Figure 3-1. Part (a) shows the 
distinctive shape symbols, and part (b) shows the rectangular outline symbols. In this 
textbook, distinctive shape symbols are generally used; however, the rectangular outline 
symbols are found in many industry publications, and you should become familiar with 
them as well. (Logic symbols are in accordance with ANSI/IEEE Standard 91-1984 and 
its supplement Standard 912-1991.) 


(a) Distinctive shape symbols (b) Rectangular outline symbols 
with negation indicators with polarity indicators 


The Negation and Polarity Indicators 


The negation indicator is a “bubble” (O) that indicates inversion or complementation when 
it appears on the input or output of any logic element, as shown in Figure 3-1(a) for the 
inverter. Generally, inputs are on the left of a logic symbol and the output is on the right. 
When appearing on the input, the bubble means that a 0 is the active or asserted input state, 
and the input is called an active-LOW input. When appearing on the output, the bubble 
means that a 0 is the active or asserted output state, and the output is called an active- 
LOW output. The absence of a bubble on the input or output means that a 1 is the active or 
asserted state, and in this case, the input or output is called active-HIGH. 

The polarity or level indicator is a “triangle” (œ ) that indicates inversion when it 
appears on the input or output of a logic element, as shown in Figure 3-1(b). When appear- 
ing on the input, it means that a LOW level is the active or asserted input state. When 
appearing on the output, it means that a LOW level is the active or asserted output state. 

Either indicator (bubble or triangle) can be used both on distinctive shape symbols and 
on rectangular outline symbols. Figure 3-1(a) indicates the principal inverter symbols used 
in this text. Note that a change in the placement of the negation or polarity indicator does 
not imply a change in the way an inverter operates. 


` 
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Inverter Truth Table 


When a HIGH level is applied to an inverter input, a LOW level will appear on its output. 
When a LOW level is applied to its input, a HIGH will appear on its output. This operation 
is summarized in Table 3-1, which shows the output for each possible input in terms of 
levels and corresponding bits. A table such as this is called a truth table. 


Inverter Operation 


Figure 3-2 shows the output of an inverter for a pulse input, where ¢, and t» indicate the 
corresponding points on the input and output pulse waveforms. 


When the input is LOW, the output is HIGH; when the input is HIGH, the output 
is LOW, thereby producing an inverted output pulse. 


HIGH (1) E HIGH (1) 
LOW (0) AF BOE ee LOW (0) 
1 2 1 2 


Input pulse Output pulse 


& FIGURE 3-2 
Inverter operation with a pulse input.Open file F03-02 to verify inverter operation. A 
Multisim tutorial is available on the website. 


Timing Diagrams 


Recall from Chapter 1 that a timing diagram is basically a graph that accurately displays 
the relationship of two or more waveforms with respect to each other on a time basis. For 
example, the time relationship of the output pulse to the input pulse in Figure 3-2 can be 
shown with a simple timing diagram by aligning the two pulses so that the occurrences of 
the pulse edges appear in the proper time relationship. The rising edge of the input pulse 
and the falling edge of the output pulse occur at the same time (ideally). Similarly, the fall- 
ing edge of the input pulse and the rising edge of the output pulse occur at the same time 


(ideally). This timing relationship is shown in Figure 3-3. In practice, there is a very small - 


delay from the input transition until the corresponding output transition. Timing diagrams 
are especially useful for illustrating the time relationship of digital waveforms with mul- 
tiple pulses. 





Y TABLE 3-1 
Inverter truth table. 






HIGH (1) 


LOW (0) 
HIGH (1) LOW (0) 
WD 


A timing diagram shows how two or 
more waveforms relate in time. 


Input | | 
Output 
f b 
4 FIGURE 3-3 


Timing diagram for the case in 
Figure 3-2. 
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Logic Expression for an Inverter 


Boolean algebra uses variables and — .In Boolean algebra, which is the mathematics of logic circuits and will be covered thor- 
operators to describe a logic circuit. oughly in Chapter 4, a variable is generally designated by one or two letters although there 
| can be more. Letters near the beginning of the alphabet usually designate inputs, while let- 
ters near the end of the alphabet usually designate outputs. The complement of a variable 
is designated by a bar over the letter. A variable can take on a value of either 1 or 0. If a 
given variable is 1, its complement is 0 and vice versa. 

The operation of an inverter (NOT circuit) can be expressed as follows: If the input vari- 

able is called A and the output variable is called X, then 


X=A 
A —\>— Xs A 
This expression states that the output is the complement of the input, so if A = 0, then X = 1, 
and if A = 1, then X = 0. Figure 3-6 illustrates this. The complemented variable A can 
4 FIGURE 3-6 be read as “A bar" or “not A." 
The inverter complements an 
input variable. An Application 


Figure 3-7 shows a circuit for producing the 1’s complement of an 8-bit binary number. 
The bits of the binary number are applied to the inverter inputs and the 1’s complement of 
the number appears on the outputs. 


» FIGURE 3-7 Binay sumber 
Example of a 1's complement 
circuit using inverters. 





I's complement 





3-2 The AND Gate 





The term gate was introduced in Chapter 1 and is used to describe a circuit that performs 
a basic logic operation. The AND gate is composed of two or more inputs and a single out- 
put, as indicated by the standard logic symbols shown in Figure 3-8. Inputs are on the left, 
and the output is on the right in each symbol. Gates with two inputs are shown; however, 
an AND gate can have any number of inputs greater than one. Although examples of both 
distinctive shape symbols and rectangular outline symbols are shown, the distinctive shape 
symbol, shown in part (a), is used predominantly in this book. 


aaa. s oM 
Standard logic symbols for the B B 


AND gate showing two inputs (a) Distinctive shape (b) Rectangular outline with the 
(ANSI/IEEE Std. 91-1984/Std. AND (&) qualifying symbol 
91a-1991). ! i 
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Operation of an AND Gate 


An AND gate produces a HIGH output only when ail of the inputs are HIGH. When any 
of the inputs is LOW, the output is LOW. Therefore, the basic purpose of an AND gate is to 
determine when certain conditions are simultaneously true, as indicated by HIGH levels on 
all of its inputs, and to produce a HIGH on its output to indicate that all these conditions are 
true. The inputs of the 2-input AND gate in Figure 3-8 are labeled A and B, and the output 
is labeled X. The gate operation can be stated as follows: 


For a 2-input AND gate, output X is HIGH only when inputs A and B are HIGH; 
X is LOW when either A or B is LOW, or when both A and B are LOW. 


Figure 3-9 illustrates a 2-input AND gate with all four possibilities of input combina- 


tions and the resulting output for each. 
LOW (0) 
HIGH (1) 


LOW (0) lo LOW (0) 
LOW (0) 
HIGH (1) -| >— LOW (0) 
LOW (0) 


AND Gate Truth Table 


The logical operation of a gate can be expressed with a truth table that lists all input combina- 
tions with the corresponding outputs, as illustrated in Table 3-2 for a 2-input AND gate. The 
truth table can be expanded to any number of inputs. Although the terms HIGH and LOW tend 
to give a “physical” sense to the input and output states, the truth table is shown with Is and 
Os; a HIGH is equivalent to a 1 and a LOW is equivalent to a 0 in positive logic. For any AND 
gate, regardless of the number of inputs, the output is HIGH only when all inputs are HIGH. 

The total number of possible combinations of binary inputs to a gate is determined by 
the following formula: 


HIGH (1) -| 35— HIGH (1) 
HIGH (1) 


N = 2” Equation 3-1 


where N is the number of possible input combinations and n is the number of input vari- 
ables. To illustrate, 


For two input variables: N = ?? = 4 combinations 
For three input variables: N = 2? = 8 combinations 
For four input variables: N = 2f = 16 combinations 


You can determine the number of input bit combinations for gates with any number of 
inputs by using Equation 3-1. 





An AND gate can have more than 
two inputs. i 


“FIGURE 3-9 
All possible logic levels for a 
2-input AND gate. Open file 
F03-09 to verify AND gate 
operation. 


MultiSim 
NB 


For an AND gate, all HIGH inputs 
produce a HIGH output. 


Y TABLE 3-2 
Truth table for a 2-input AND 


gate. 
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1 = HIGH, 0 = LOW 





» FIGURE 3-10 

Example of AND gate 
operation with a timing 
diagram showing input and 
output relationships. 
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AND Gate Operation with Waveform Inputs 


In most applications, the inputs to a gate are not stationary levels but are voltage waveforms 
that change frequently between HIGH and LOW logic levels. Now let's look at the operation of 
AND gates with pulse waveform inputs, keeping in mind that an AND gate obeys the truth table 
operation regardless of whether its inputs are constant levels or levels that change back and forth. 

Let's examine the waveform operation of an AND gate by looking at the inputs with 
respect to each other in order to determine the output level at any given time. In Figure 3-10, 
inputs A and B are both HIGH (1) during the time interval, t;, making output X HIGH (1) 
during this interval. During time interval f», input A is LOW (0) and input B is HIGH (1), 
so the output is LOW (0). During time interval £5, both inputs are HIGH (1) again, and 
therefore the output is HIGH (1). During time interval t4, input A is HIGH (1) and input B 
is LOW (0), resulting in a LOW (0) output. Finally, during time interval ts, input A is LOW 
(0), input B is LOW (0), and the output is therefore LOW (0). As you know, a diagram of 
input and output waveforms showing time relationships is called a timing diagram. 
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Remember, when analyzing the waveform operation of logic gates, it is important to 
pay careful attention to the time relationships of all the inputs with respect to each other 
and to the output. 
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EXAMPLE 3-4 For the two input waveforms, A and B, in Figure 3—12, show the output waveform with 
its proper relation to the inputs. 


» FIGURE 3-12 HIGH 
MrT TT ANE um LOW — 


HIGH 4 
LOW | 
| 
l 
1 


Output X 


Solution 


The output waveform is HIGH only when both of the input waveforms are HIGH as 
shown in the timing diagram. 


Related Problem 


Show the output waveform if the B input to the AND gate in Figure 3-12 is always 
HIGH. 





EXAMPLE 3-5 For the 3-input AND gate in Figure 3—13, determine the output waveform in relation to 
the inputs. 


» FIGURE 3-13 wT ee 
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Solution 


The output waveform X of the 3-input AND gate i is HIGH Tai when all three input 
waveforms A, B, and C are HIGH. pue 


Related Problem 


What is the output waveform of the AND gate in faut 3-13 if the C iapa is always . 
HIGH? mu 





EXAMPLE 3-6 
Use Multisim to simulate a 3-input AND gate with input waveforms that cycle through binary numbers 0 through 9. 


Solution 


Use the Multisim word generator in the up counter mode to provide the combination of waveforms representing the binary 
sequence, as shown in Figure 3—14. The first three waveforms on the oscilloscope pum are the inputs, and the bottom 
waveform is the output. 
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å FIGURE 3-14 


Related Problem 


= Word Generator-XWG!1 


i — ^ m - - = 
Controls Display [T 00000000000000000000000000000000 
i [ Cyole 
(C Dec 


nooooo000000000000000000000000001 
= ooo00000000000000000000000000010 
Step 5 epe m 
fe Binary 00000000000000000000000000000011 
Set... | C ASCII o0000000000000000000000000000100 
Tigger ———-————— ———— 
[intemal 


ES 00000000000000000000000000000101 
Extemal | | zi *:] 


00000000000000000000000000000110 
Frequency 


C Hex 


o0000000000000000000000000000111 
ooa00000000000000000000000001000 
oo000000000000000000000000001001 


Channel A Channel B Channel C Channel D 


| 856.8920 ms — 500.000 mV 4.500 Y 4.500 V 0.000 Yy 


Use Multisim software to create the setup and simulate the 3-input AND gate as illustrated in this example. 


InfoNote 


Processors can utilize all of the 
basic logic operations when it is 
necessary to selectively manipulate 
certain bits in one or more bytes 
of data. Selective bit manipulations 
are done with a mask. For exam- 
ple, to clear (make all Os) the right 
four bits in a data byte but keep 
the left four bits, ANDing the data 
byte with 11110000 will do the 
job. Notice that any bit ANDed with 
zero will be 0 and any bit ANDed 
with 1 will remain the same. If 
10101010 is ANDed with the mask 
11110000, the result is 10100000. 





Logic Expressions for an AND Gate 


The logical AND function of two variables is represented mathematically either by placing 
a dot between the two variables, as A * B, or by simply writing the adjacent letters without 
the dot, as AB. We will normally use the latter notation. 


Boolean multiplication follows the same basic rules governing binary multiplication, 
which were discussed in Chapter 2 and are as follows: 


0 
= 0 
0 
l 


Boolean multiplication is the same as the AND function. 


The operation of a 2-input AND gate can be expressed in equation form as follows: If one 
input variable is A, if the other input variable is B, and if the output variable is X, then the 
Boolean expression is 


X — AB 


Figure 3—15(a) shows the AND gate logic symbol with two input variables and the output 
variable indicated. 
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A ; A When variables are shown together 
B -| >— X = AB P | ) X = ABC , —[5— X = ABCD like ABC, they are ANDed. 
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(a) (b) (c 


swb 


å FIGURE 3-15 
Boolean expressions for AND gates with two, three, and four inputs. 


To extend the AND expression to more than two input variables, simply use a new letter 
for each input variable. The function of a 3-input AND gate, for example, can be expressed 
as X = ABC, where A, B, and C are the input variables. The expression for a 4-input AND VY TABLE 3-4 
gate can be X — ABCD, and so on. Parts (b) and (c) of Figure 3-15 show AND gates with 
three and four input variables, respectively. 

You can evaluate an AND gate operation by using the Boolean expressions for the output. 
For example, each variable on the inputs can be either a 1 or a 0; so for the 2-input AND 
gate, make substitutions in the equation for the output, X = AB, as shown in Table 3-4. This 
evaluation shows that the output X of an AND gate is a 1 (HIGH) only when both inputs are 
Is (HIGHs). A similar analysis can be made for any number of input variables. 
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Applications 
The AND Gate as an Enable/Inhibit Device 


A common application of the AND gate is to enable (that is, to allow) the passage of a 
signal (pulse waveform) from one point to another at certain times and to inhibit (prevent) 
the passage at other times. 

A simple example of this particular use of an AND gate is shown in Figure 3-16, where 
the AND gate controls the passage of a signal (waveform A) to a digital counter. The pur- 
pose of this circuit is to measure the frequency of waveform A. The enable pulse has a 
width of precisely 1 ms. When the enable pulse is HIGH, waveform A passes through the 
gate to the counter; and when the enable pulse is LOW, the signal is prevented from passing 
through the gate (inhibited). 

During the 1 millisecond (1 ms) interval of the enable pulse, pulses in waveform A pass 
through the AND gate to the counter. The number of pulses passing through during the 
1 ms interval is equal to the frequency of waveform A. For example, Figure 3-16 shows 
six pulses in one millisecond, which is a frequency of 6 kHz. If 1000 pulses pass through 
the gate in the 1 ms interval of the enable pulse, there are 1000 pulses/ms, or a frequency 
of 1 MHz. 


Ie 1 ms >| 4FIGURE 3-16 
— JUL An AND gate performing an 
enable/inhibit function for a 
frequency counter. 






Reset to zero 
between enable pulses. 


The counter counts the number of pulses per second and produces a binary output 
that goes to a decoding and display circuit to produce a readout of the frequency. The 
enable pulse repeats at certain intervals and a new updated count is made so that if 
the frequency changes, the new value will be displayed. Between enable pulses, the 
counter is reset so that it starts at zero each time an enable pulse occurs. The current 
frequency count is stored in a register so that the display is unaffected by the resetting 
of the counter. 
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A Seat Belt Alarm System 


In Figure 3-17, an AND gate is used in a simple automobile seat belt alarm system to 
detect when the ignition switch is on and the seat belt is unbuckled. If the ignition switch 
is on, a HIGH is produced on input A of the AND gate. If the seat belt is not properly 
buckled, a HIGH is produced on input B of the AND gate. Also, when the ignition switch 
is turned on, a timer is started that produces a HIGH on input C for 30 s. If all three con- 
ditions exist—that is, if the ignition is on and the seat belt is unbuckled and the timer 
is running—the output of the AND gate is HIGH, and an audible alarm is energized to 
remind the driver. 





» FIGURE 3-17 ignition 
FR ICLP RES NAM TM. A 
A simple seat belt alarm circuit switch 
using an AND gate. | seat 
belt 






HIGH activates 
alarm. 


Ignition on = HIGH for 30 s 





3-3 The OR Gate 





An OR gate can have more than two An OR gate has two or more inputs and one output, as indicated by the standard logic 

inputs. symbols in Figure 3-18, where OR gates with two inputs are illustrated. An OR gate can 
have any number of inputs greater than one. Although both distinctive shape and rectangular 
outline symbols are shown, the distinctive shape OR gate symbol is used in this textbook. 


» FIGURE 3-18 A _)>— ¥ A x 
Standard logic symbols for the B B — 


OR gate showing two inputs (a) Distinctive shape (b) Rectangular outline with the 
(ANSI/IEEE Std. 91-1984/Std. OR (2 1) qualifying symbol 


91a-1991). 


Operation of an OR Gate 


For an OR gate, at least one HIGH An OR gate produces a HIGH on the output when any of the inputs is HIGH. The output is 

input produces a HIGH output. LOW only when all of the inputs are LOW. Therefore, an OR gate determines when one or 
more of its inputs are HIGH and produces a HIGH on its output to indicate this condition. 
The inputs of the 2-input OR gate in Figure 3-18 are labeled A and B, and the output is 
labeled X. The operation of the gate can be stated as follows: 


For a 2-input OR gate, output X is HIGH when either input A or input B is HIGH, 
or when both A and B are HIGH; X is LOW only when both A and B are LOW. 


The HIGH level is the active or asserted output level for the OR gate. Figure 3-19 illus- 
trates the operation for a 2-input OR gate for all four possible input combinations. 
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LOW (0) _)>- LOW (0) J] > 
HIGH (1 
LOW (0) MEP HIGH (1) pt pH 


mpeg _)>—- HIGH (1) 
LOW (0)- 


OR Gate Truth Table 


The operation of a 2-input OR gate is described in Table 3—5. This truth table can be 
expanded for any number of inputs; but regardless of the number of inputs, the output is 
HIGH when one or more of the inputs are HIGH. 


HIGH (1) =D s 
HIGH (1) 


OR Gate Operation with Waveform Inputs 


Now let’s look at the operation of an OR gate with pulse waveform inputs, keeping in 
mind its logical operation. Again, the important thing in the analysis of gate operation 
with pulse waveforms is the time relationship of all the waveforms involved. For example, 
in Figure 3-20, inputs A and B are both HIGH (1) during time interval t;, making output X 
HIGH (1). During time interval t», input A is LOW (0), but because input B is HIGH (1), the 
output is HIGH (1). Both inputs are LOW (0) during time interval t3, so there is a LOW 
(0) output during this time. During time interval t4, the output is HIGH (1) because input 
A is HIGH (1). 


X l 1 0 l 


In this illustration, we have applied the truth table operation of the OR gate to each of 
the time intervals during which the levels are nonchanging. Examples 3-7 through 3-9 
further illustrate OR gate operation with waveforms on the inputs. 


* FIGURE 3-19 

All possible logic levels for a 
2-input OR gate. Open file F03- 
19 to verify OR gate operation. 


ww 





0 0 0 
0 l 1 
l 0 1 
l l 1 


1 = HIGH, 0 = LOW 


A TABLE 3-5 
Truth table for a 2-input OR 


gate. 


«FIGURE 3-20 

Example of OR gate operation 
with a timing diagram 

showing input and output time 
relationships. 
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Solution 


The output waveform X ofa 2- -input OR gate is HIGH when either or both input wave- 
forms are HIGH as shown i in the timing diagram. In this case, both input waveforms are 
never HIGH at the same time. 


Related Problem 


Determine the output waveform and show the timing diagram if input A is changed 
such that it is HIGH from the beginning of the existing first pulse to the end of the exist- 
ing second pulse. 


EXAMPLE 3-8 For the two input waveforms, A and B, in Figure 3—22, show the output waveform with 
its proper relation to the inputs. | 


» FIGURE 3-22 


| Inputs 


Output X | | | | 


Solution 
When either or both input waveforms are HIGH, the output is HIGH as shown by the 


output waveform X in the timing diagram. 
Related Problem 


Determine the output waveform and show the timing diagram if the middle pulse of 
input A is replaced by a LOW level. 


EXAMPLE 3-9 For the 3-input OR gate in Figure 3-23, determine the output waveform in proper time 
| relation to the inputs. | 


» FIGURE 3-23 


Solution | | 
The output is HIGH when one or more of the input waveforms are HIGH as indicated 
by the output waveform X in the timing diagram. 

Related Problem 

Determine the output waveform and show the timing diagram if input C is always LOW. 





Logic Expressions for an OR Gate 


When variables are separated by +, The logical OR function of two variables is represented mathematically by a + between 
they are ORed. the two variables, for example, A + B. The plus sign is read as “OR.” 
Addition in Boolean algebra involves variables whose values are either binary | or 
binary O. The basic rules for Boolean addition are as follows: 
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0+0=0 
0+1=1 
1+0=1 
1+1=1 


Boolean addition is the same as the OR function. 


Notice that Boolean addition differs from binary addition in the case where two 1s are 
added. There is no carry in Boolean addition. 

The operation of a 2-input OR gate can be expressed as follows: If one input variable is 
A, if the other input variable is B, and if the output variable is X, then the Boolean expres- 


sion is 
X=A+B 

Figure 3-24(a) shows the OR gate logic symbol with two input variables and the output 
variable labeled. 

A A - 

—_) 5— x-4«5 B—À] — rasec B J 5— xearescsp 

B C D 

(a) (b) (c) 
A FIGURE 3-24 


Boolean expressions for OR gates with two, three, and four inputs. 


To extend the OR expression to more than two input variables, a new letter is used for 
each additional variable. For instance, the function of a 3-input OR gate can be expressed 
as X = A + B + C. The expression for a 4-input OR gate can be written as X = A + 
B + C + D,and so on. Parts (b) and (c) of Figure 3-24 show OR gates with three and four 
input variables, respectively. 

OR gate operation can be evaluated by using the Boolean expressions for the output X 
by substituting all possible combinations of 1 and 0 values for the input variables, as shown 
in Table 3—6 for a 2-input OR gate. This evaluation shows that the output X of an OR gate 
is a 1 (HIGH) when any one or more of the inputs are 1 (HIGH). A similar analysis can be 
extended to OR gates with any number of input variables. 


An Application 





A simplified portion of an intrusion detection and alarm system is shown in Figure 
3-25. This system could be used for one room in a home—a room with two windows 
and a door. The sensors are magnetic switches that produce a HIGH output when open 
and a LOW output when closed. As long as the windows and the door are secured, 


Y TABLE 3-6 





the switches are closed and all three of the OR gate inputs are LOW. When one of the 0 0 0-020 
windows or the door is opened, a HIGH is produced on that input to the OR gate and 0 1 0+1=1 
the gate output goes HIGH. It then activates and latches an alarm circuit to warn of the 1 0 1+0=1 
intrusion. 1 1 1+1=1 
Open door/window E 
tie TEE 4FIGURE 3-25 
soa A simplified intrusion detection 
system using an OR gate. 










HIGH activates 
alarm. 
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3-4 The NAND Gate 


The NAND gate is the same as the 
AND gate except the output is 
inverted. 


» FIGURE 3-26 


Standard NAND gate logic 


Symbols (ANSI/IEEE Std. 91- 
1984/Std. 912-1991). 


Y TABLE 3-7 


Truth table for a 2-input NAND 


gate. 





H hit 
Ore He] 


0 0 
0 I 
1 0 
1 l 


I = HIGH, 0 = LOW. 


The term NAND is a contraction of NOT-AND and implies an AND function with a 
complemented (inverted) output. The standard logic symbol for a 2-input NAND gate and 
its equivalency to an AND gate followed by an inverter are shown in Figure 3—26(a), where 
the symbol = means equivalent to. A rectangular outline symbol is shown in part (b). 


A A 
n ID D-— {ee 
B B 


(a) Distinctive shape, 2-input NAND gate and its 
NOT/AND equivalent 





ü ric 


(b) Rectangular outline, 2-input NAND 
gate with polarity indicator 


Operation of a NAND Gate 


A NAND gate produces a LOW output only when all the inputs are HIGH. When any 
of the inputs is LOW, the output will be HIGH. For the specific case of a 2-input NAND 
gate, as shown in Figure 3-26 with the inputs labeled A and B and the output labeled X, the 
operation can be stated as follows: 


For a 2-input NAND gate, output X is LOW only when inputs A and B are HIGH; 
X is HIGH when either A or B is LOW, or when both A and B are LOW. 


This operation is opposite that of the AND in terms of the output level. In a NAND gate, 
the LOW level (0) is the active or asserted output level, as indicated by the bubble on the 
output. Figure 3-27 illustrates the operation of a 2-input NAND gate for all four input 
combinations, and Table 3-7 is the truth table summarizing the logical operation of the 


2-input NAND gate. 
HIGH (1) HIGH (1) 
LOW (0) HIGH (1) 
HIGH (1) 
-| >- LOW (0) 
HIGH (1) 


HIGH (1) 
-| >- HIGH (1) 
LOW (0) 
å FIGURE 3-27 

Operation of a 2-input NAND gate. Open file F03-27 to verify NAND gate operation. 


NAND Gate Operation with Waveform Inputs 


Now let’s look at the pulse waveform operation of a NAND gate. Remember from the truth 
table that the only time a LOW output occurs is when all of the inputs are HIGH. 
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* FIGURE 3-28 


Bubble indicates 
an active-LOW 
output. 
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A and B are both HIGH during these 

four time intervals; therefore, X is LOW. 


Solution 


| | Output waveform X is LOW only during the four time intervals when both input wave- 
forms A and B are HIGH as shown in the timing diagram. 


Related Problem 


Determine the output waveform and show the timing diagram if input waveform B is 
inverted. 


EXAMPLE 3-11 Show the output waveform for the 3-input NAND gate in Figure 3-29 with its proper 
time relationship to the inputs. 


* FIGURE 3-29 


. Solution 
The output waveform X is LOW only when all three input waveforms are HIGH as 
shown in the timing diagram. 


Related Problem 


Determine the output waveform and show the timing diagram if input waveform A is 
inverted. — | 





Negative-OR Equivalent Operation of a NAND Gate 


Inherent in a NAND gate's operation is the fact that one or more LOW inputs produce a 
HIGH output. Table 3-7 shows that output X is HIGH (1) when any of the inputs, A and 
B, is LOW (0). From this viewpoint, a NAND gate can be used for an OR operation that 
requires one or more LOW inputs to produce a HIGH output. This aspect of NAND opera- 
tion is referred to as negative-OR. The term negative in this context means that the inputs 


are defined to be in the active or asserted state when LOW. Z| >- 


For a 2-input NAND gate performing a negative-OR operation, output X is HIGH "me ai 
when either input A or input B is LOW, or when both A and B are LOW. re 


When a NAND gate is used to detect one or more LOWs on its inputs rather than all — & FIGURE 3-30 
HIGHs, it is performing the negative-OR operation and is represented by the standard ANSI/IEEE standard symbols 
logic symbol shown in Figure 3—30. Although the two symbols in Figure 3—30 represent representing the two equivalent 
the same physical gate, they serve to define its role or mode of operation in a particular 
application, as illustrated by Examples 3-12 and 3-13. 





operations of a NAND gate. 
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Logic Expressions for a NAND Gate 


The Boolean expression for the output of a 2-input NAND gate is _ A bar over a variable or variables 


Ko indicates an inversion. 
'X = AB 
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Y TABLE 3-8 


0 0 01 
0 l 012021 
l 0 1-0=0=1 
1 1 1-1=1=0 





This expression says that the two input variables, A and B, are first ANDed and then 
complemented, as indicated by the bar over the AND expression. This is a description 
in equation form of the operation of a NAND gate with two inputs. Evaluating this 
expression for all possible values of the two input variables, you get the results shown 
in Table 3-8. 

Once an expression is determined for a given logic function, that function can be evalu- 
ated for all possible values of the variables. The evaluation tells you exactly what the 
output of the logic circuit is for each of the input conditions, and it therefore gives you 
a complete description of the circuit’s logic operation. The NAND expression can be 
extended to more than two input variables by including additional letters to represent the 
other variables. 





3-5 The NOR Gate 


The NOR is the same as the OR 
except the output is inverted. 


» FIGURE 3-34 

Standard NOR gate logic 
symbols (ANSI/IEEE Std. 91- 
1984/Std. 91a-1991). 


» FIGURE 3-35 

Operation of a 2-input NOR 
gate. Open file F03-35 to 
verify NOR gate operation. 


MultiSim 
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The term NOR is a contraction of NOT-OR and implies an OR function with an inverted 
(complemented) output. The standard logic symbol for a 2-input NOR gate and its equiva- 
lent OR gate followed by an inverter are shown in Figure 3—34(a). A rectangular outline 
symbol is shown in part (b). 





(a) Distinctive shape, 2-input NOR gate and its NOT/OR 
equivalent 


(b) Rectangular outline, 2-input 
NOR gate with polarity indicator 


Operation of a NOR Gate 


A NOR gate produces a LOW output when any of its inputs is HIGH. Only when all of its 
inputs are LOW is the output HIGH. For the specific case of a 2-input NOR gate, as shown 
in Figure 3-34 with the inputs labeled A and B and the output labeled X, the operation can 
be stated as follows: 


For a 2-input NOR gate, output X is LOW when either input A or input B is 
HIGH, or when both A and B are HIGH; X is HIGH only when both A and B are 


LOW. 
LOW (0) -I LOW (0) _) »— 
HIGH (1) LOW (0) 
LOW (0) HIGH (1) 
HIGH (1) —E».— LOW (0) 
HIGH (1) 


HIGH (1) J »— cde (0) 
LOW (0) 


This operation results in an output level opposite that of the OR gate. In a NOR gate, the 
LOW output is the active or asserted output level as indicated by the bubble on the output. 
Figure 3—35 illustrates the operation of a 2-input NOR gate for all four possible input com- 
binations, and Table 3—9 is the truth table for a 2-input NOR gate. 
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NOR Gate Operation with Waveform Inputs 


The next two examples illustrate the operation of a NOR gate with pulse waveform inputs. 
Again, as with the other types of gates, we will simply follow the truth table operation to 
determine the output waveforms in the proper time relationship to the inputs. 


* TABLE 3-9 


Truth table for a 2-input NOR gate. 
1 — HIGH, 0 — LOW. 


Negative-AND Equivalent Operation of the NOR Gate 


A NOR gate, like the NAND, has another aspect of its operation that is inherent in the way 
it logically functions. Table 3-9 shows that a HIGH is produced on the gate output only 
when all of the inputs are LOW. From this viewpoint, a NOR gate can be used for an AND 
operation that requires all LOW inputs to produce a HIGH output. This aspect of NOR 
operation is called negative-AND. The term negative in this context means that the inputs 
are defined to be in the active or asserted state when LOW. 
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d > For a 2-input NOR gate performing a negative-AND operation, output X is HIGH 
only when both inputs A and B are LOW. 
Negative-AND When a NOR gate is used to detect all LOWs on its inputs rather than one or more 
HIGHs, it is performing the negative-AND operation and is represented by the standard 
4 FIGURE 3-38 symbol in Figure 3-38. Remember that the two symbols in Figure 3-38 represent the same 
Standard symbols representing ^ physical gate and serve only to distinguish between the two modes of its operation, The 
the two equivalent operations following three examples illustrate this. 


of a NOR gate. 
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When driving a load such as an LED with a logic gate, consult the manufacturer's data sheet for 
maximum drive capabilities (output current). A regular IC logic gate may not be capable of handling 

. the current required by certain loads such as some LEDs. Logic gates with a buffered output, such | 
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Logic Expressions for a NOR Gate Y TABLE 3-10 
The Boolean expression for the output of a 2-input NOR gate can be written as 
X=A+B 


This equation says that the two input variables are first ORed and then complemented, as 
indicated by the bar over the OR expression. Evaluating this expression, you get the results 
shown in Table 3-10. The NOR expression can be extended to more than two input vari- 
ables by including additional letters to represent the other variables. 


e 
+ 
— 
I 
|} - OF 
I 


o 
+ 
o 
Il 
I 
ooo 


et 
eo 
I 


+ 
I 





Chapter 3 Logic Gates ES 


3-6 The Exclusive-OR and Exclusive-NOR Gates 


The Exclusive-OR Gate 


Standard symbols for an exclusive-OR (XOR for short) gate are shown in Figure 3-42. 
The XOR gate has only two inputs. The exclusive-OR gate performs modulo-2 addition 
(introduced in Chapter 2). The output of an exclusive-OR gate is HIGH only when the two 


A A 
D i: 





(a) Distinctive shape (b) Rectangular outline 

For an exclusive-OR gate, opposite å FIGURE 3-42 
NUS MERI ENE GIE: T. Standard logic symbols for the exclusive-OR gate. 
Y TABLE 3-11 inputs are at opposite logic levels. This operation can be stated as follows with reference to 
Truth table for an exclusive- inputs A and B and output X: 
‘OR gate. For an exclusive-OR gate, output X is HIGH when input A is LOW and input B is 

eee | HIGH, or when input A is HIGH and input B is LOW; X is LOW when A and B 

are both HIGH or both LOW. 






The four possible input combinations and the resulting outputs for an XOR gate are 
illustrated in Figure 3-43. The HIGH level is the active or asserted output level and occurs 
only when the inputs are at opposite levels. The operation of an XOR gate is summarized 


in the truth table shown in Table 3-11. 
essa )o»— LOW (0 mil ag J)»— HIGH (1 
LOW (0) zs HIGH (1) = 
HIGH (1) HIGH (1) 
LOW (0) MORU HIGH (1) J)»— LOW (0) 


A FIGURE 3-43 
MultiSim — Ai] possible logic levels for an exclusive-OR gate. Open file F03-43 to verify XOR 


gate operation. 


0 0 
0 l 
1 0 
1 1 
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The Exclusive-NOR Gate 


Standard symbols for an exclusive-NOR (XNOR) gate are shown in Figure 3—45. Like the 
XOR gate, an XNOR has only two inputs. The bubble on the output of the XNOR symbol 
indicates that its output is opposite that of the XOR gate. When the two input logic levels 
are opposite, the output of the exclusive-NOR gate is LOW. The operation can be stated as 
follows (A and B are inputs, X is the output): 


For an exclusive-NOR gate, output X is LOW when input A is LOW and input B is 
HIGH, or when A is HIGH and B is LOW; X is HIGH when A and B are both 


HIGH or both LOW. 
A A 
D 1— 80 
(a) Distinctive shape (b) Rectangular outline 
4 FIGURE 3-45 
Standard logic symbols for the exclusive-NOR gate. YTABLE 3-12 000 .— — — 
Truth table for an exclusive- 
The four possible input combinations and the resulting outputs for an XNOR gate are NOR gate 


shown in Figure 3—46. The operation of an XNOR gate is summarized in Table 3-12. 
Notice that the output is HIGH when the same level is on both inputs. 


LOW (0) LOW (0) 

HIGH (1) LOW (0) 
LOW (0) HIGH (1) 
HIGH (1) : HIGH (1) 

LOW (0) HIGH (1) 
LOW (0) HIGH (1) 


4 FIGURE 3-46 


All possible logic levels for an exclusive-NOR gate. Open file F03-46 to verify XNOR MultiSim 
gate operation. 
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Operation with Waveform Inputs 


As we have done with the other gates, let’s examine the operation of XOR and XNOR 
gates with pulse waveform inputs. As before, we apply the truth table operation during 
each distinct time interval of the pulse waveform inputs, as illustrated in Figure 3—47 for 
an XOR gate. You can see that the input waveforms A and B are at opposite levels during 
time intervals t? and t4. Therefore, the output X is HIGH during these two times. Since both 
inputs are at the same level, either both HIGH or both LOW, during time intervals 1; and t5, 
the output is LOW during those times as shown in the timing diagram. 


A l 0 0 l 


å FIGURE 3-47 
Example of exclusive-OR gate operation with pulse waveform inputs. 
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An Application 


An exclusive-OR gate can be used as a two-bit modulo-2 adder. Recall from Chapter 2 that 
the basic rules for binary addition are as follows: 0 + 0 = 0,0 + 1 = 1,1 + 0 = l, and 
1 + 1 = 10. An examination of the truth table for an XOR gate shows that its output is the 
binary sum of the two input bits. In the case where the inputs are both 1s, the output is the 
sum 0, but you lose the carry of 1. In Chapter 6 you will see how XOR gates are combined 
to make complete adding circuits. Table 3-13 illustrates an XOR gate used as a modulo-2 
adder. It is used in CRC systems to implement the division process that was described in 





Chapter 2. 

» TABLE 3-13 oT — 
An XOR gate used to add two Bits put (S « 
bits. Eee eX | 

0 0 0 

0 1 1 

l 0 1 

l l O (without 

the 1 carry bit) 


E 
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3-7 Fixed-Function Logic Gates 


74 Series Logic Gate Functions 


The 74 series is the standard fixed-function logic devices. The device label format includes 
one or more letters that indentify the type of logic circuit technology family in the IC 
package and two or more digits that identify the type of logic function. For example, 
74HC04 is a fixed-function IC that has six inverters in a package as indicated by 04. The 
letters, HC, following the prefix 74 identify the circuit technology family as a type of 
CMOS logic. 

Type of IC technology family 

Type of logic function 

74xxyy 


AND Gate 


Figure 3—49 shows three configurations of fixed-function AND gates in the 74 series. The 
74xx08 is a quad 2-input AND gate device, the 74xx11 is a triple 3-input AND gate device, 


V V V 
cc a i4 *« FIGURE 3-49 
74 series AND gate devices 


l 
) 3 13 12 } with pin numbers. 
4 6 5 
5 3 
9 3 

10 j 9 

12 9 b ? 

13 H M 3 

7 7 7 
GND GND GND 
(a) 74xx08 (b) 74xx11 (c) 74xx21 


and the 74xx21 is a dual 4-input AND gate device. The label xx can represent any of the 
integrated circuit technology families such as HC or LS. The numbers on the inputs and 
outputs are the IC package pin numbers. 


NAND Gate 


Figure 3—50 shows four configurations of fixed-function NAND gates in the 74 series. The 
74xx00 is a quad 2-input NAND gate device, the 74xx10 is a triple 3-input NAND gate 
device, the 74xx20 is a dual 4-input NAND gate device, and the 74xx30 is a single 8-input 


NAND gate device. 
Voc Vec Voc Vec 
14 14 14 14 
1 1 
3 12 l 1 
2 i 2 6 2 
. 1 6 3 8 
He. 4 s 
10 8 6 
12 9 u 11 
13 M i9 9 12 
7 7 7 7 
GND GND GND GND 
(a) 74xx00 (b) 74xx10 (c) 74xx20 (d) 74xx30 


4 FIGURE 3-50 
74 series NAND gate devices with package pin numbers. 
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Voc 
14 
l 
2 
4 
5 
9 
10 
12 
13 
7 
GND 
74xx32 
& FIGURE 3-51 


74 series OR gate device. 


Voc 
14 
l 
2 
4 
5 
9 
10 
12 
13 
7 
GND 
74xx86 
À FIGURE 3-53 


74 series XOR gate. 





OR Gate 

Figure 3—51 shows a fixed-function OR gate in the 74 series. The 74xx32 is a quad 2-input 
OR gate device. 

NOR Gate 


Figure 3-52 shows two configurations of fixed-function NOR gates in the 74 series. The 
74xx02 is a quad 2-input NOR gate device, and the 74xx27 is a triple 3-input NOR gate 
device. 


Vec Voc 
14 14 
2 I 
l 2 12 
3 13 
5 
6 * 2 
s 10 ' 
9 
11 9 
12 13 19 8 
7 7 
GND GND 
(a) 74xx02 (b) 74xx27 


4 FIGURE 3-52 
74 series NOR gate devices. 


XOR Gate 


Figure 3—53 shows a fixed-function XOR (exclusive-OR) gate in the 74 series. The 74xx86 
is a quad 2-input XOR gate. 


IC Packages 


All of the 74 series CMOS are pin-compatible with the same types of devices in bipolar. 
This means that a CMOS digital IC such as the 74HC00 (quad 2-input NAND), which con- 
tains four 2-input NAND gates in one IC package, has the identical package pin numbers for 
each input and output as does the corresponding bipolar device. Typical IC gate packages, 
the dual in-line package (DIP) for plug-in or feedthrough mounting and the small-outline 
integrated circuit (SOIC) package for surface mounting, are shown in Figure 3—54. In some 
cases, other types of packages are also available. The SOIC package is significantly smaller 
than the DIP. Packages with a single gate are known as little logic. Most logic gate func- 
tions are available and are implemented in a CMOS circuit technology. Typically, the gates 
have only two inputs and have a different designation than multigate devices. For example, 
the 74xx1G00 is a single 2-input NAND gate. 


Handling Precautions for CMOS 


CMOS logic is very sensitive to static charge and can be damaged by ESD (electrostatic discharge) 
if not handled properly as follows: 

1. Store and ship in conductive foam. 

2. Connect instruments to earth ground. 

3. Connect wrist to earth ground through a large series resistor. 

4. Do not remove devices from circuit with power on. 

5. Do not apply signal voltage when power is off. 
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"mr — 0.334 in. F 
0.740 — 0.770 in. 411214 5 9 5 
Ts 


0.250 + 0.010 in. 0.228 — 0.244 in. 














Pin no.1 Lead no.1 












identifiers identifier 
(dot or notch) 
l 
0.060 in. TYP | 
0.145 — 0.200 in. 0.053 — 0.069 in. Ẹ 





0.125 — 0.150 in. | | | 
—- —- 
0.050 in. TYP — 0.014 — 0.020 in. TYP 
0.014 — 0.023 in. Std RE 


0.100 + 0.010 in. TYP 


(a) 14-pin dual in-line package (DIP) for feedthrough mounting (b) 14-pin small outline package (SOIC) for surface mounting 


AFIGURES4A —— 0000000000000 
Typical dual in-line (DIP) and small-outline (SOIC) packages showing pin numbers 
and basic dimensions. 


74 Series Logic Circuit Families 


Although many logic circuit families have become obsolete and some are rapidly on the 
decline, others are still very active and available. CMOS is the most available and most 
popular type of logic circuit technology, and the HC (high-speed CMOS) family is the 
most recommended for new projects. For bipolar, the LS (low-power schottky) family is 
the most widely used. The HCT, which a variation of the HC family, is compatible with 
bipolar devices such as LS. 

Table 3-14 lists many logic circuit technology families. Because the active status of any 
given logic family is always in flux, check with a manufacturer, such as Texas Instruments, 
for information on active/nonactive status and availability for a logic function in a given 
circuit technology. 






Description — Circuit Technology < OES oo 

ABT Advanced BiCMOS BiCMOS on circuit technology. 
AC Advanced CMOS CMOS 
ACT Bipolar compatible AC CMOS 
AHC Advanced high-speed CMOS CMOS 
AHCT Bipolar compatible AHC CMOS 
ALB Advanced low-voltage BICMOS BiCMOS 
ALS Advanced low-power Schottky Bipolar 
ALVC Advanced low-voltage CMOS CMOS 
AUC Advanced ultra-low-voltage CMOS CMOS 
AUP Advanced ultra-low-power CMOS CMOS 
AS Advanced Schottky Bipolar 
AVC Advanced very-low-power CMOS CMOS 
BCT Standard BiCMOS BiCMOS 
F Fast Bipolar 
FCT Fast CMOS technology CMOS 
HC High-speed CMOS CMOS 
HCT Bipolar compatible HC CMOS 
LS Low-power Schottky Bipolar 
LV-A Low-voltage CMOS CMOS 
LV-AT Bipolar compatible LV-A CMOS 
LVC Low-voltage CMOS CMOS 
LVT Low-voltage biCMOS BiCMOS 


S Schottky Bipolar 
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The type of integrated circuit technology has nothing to do with the logic function itself. 
For example, the 74HC00, 74HCTO0, and 74LS00 are all quad 2-input NAND gates with 
identical package pin configurations. The differences among these three logic devices are 
in the electrical and performance characteristics such as power consumption, dc supply 
voltage, switching speed, and input/output voltage levels. CMOS and bipolar circuits are 
implemented with two different types of transistors. Figures 3-55 and 3—56 show partial 
data sheets for the 74HCOOA quad 2-input NAND gate in CMOS and in bipolar technolo- 
gies, respectively. 


Quad 2-Input NAND Gate High-Performance Silicon-Gate CMOS 


The MC54/74HCOOA is identical in pinout to the LS00. The device inputs are compatible with Standard 
CMOS outputs; with pullup resistors, they are compatible with LSTTL outputs. MAXIMUM RATINGS* 


+ Output Drive Capability: 10 LSTTL Loads | — MCS474HOWA | a an ae ae 
«Bete ta tein ic Cn Ge RMOS ied TIE MC54/74HC00A fe = 



























* Operating Voltage Range: 2 to 6 V DC Supply Voltage (Referenced to GND) ~0.5 to +7.0 
* Low Input Current: 1 uA "a TZ. J SUFFIX DC Input Voltage (Referenced to GND) -0.5 to Voc + 0.5 
* High Noise Immunity Characteristic of CMOS Devices M CERAMIC PACKAGE Vout | DC Output Voltage (Referenced to GND) -0.5to Vcc +0.5| V 
| cc 
® In Compliance With the JEDEC Standard No. 7A IN l | | CASE 632-08 iu DC Input C t, per Pin [| — £20 . |.mÀ| 
Requirements à ll —_— . 
* Chip Complexity: 32 FETs or 8 Equivalent Gates DC Output Current, per Pin BE: ee BA | 
LOGIC DIAGRAM DC Supply Current, Voc and GND Pins ae Pees 
1 Power Dissipation in Still Air, Plastic or Ceramic DIP} 750 
Al 3 SOIC Package 500 
jd yı CASE 646-06 TSSOP Package 450 
Storage Temperature —65 to + 150 
A2 4 j 6 TL Lead Temperature, 1 mm from Case for 10 Seconds C 
- s | pt» = Plastic DIP, SOIC or TSSOP Package | 260 
= To SOIC PACKAGE Ceramic DIP T 
A CASE 751A-03 * Maximum Ratings are those values beyond which damage to the device may occur. 
A3 2 
8 Y Functional operation should be restricted to the Recommended Operating Conditions. 
p3 £ 3 + Derating — Plastic DIP: — 10 mW/°C from 65° to 125° C 
3 DT SUFFIX Ceramic DIP: - 10 mW/°C from 100° to 125° C 
ia TSSOP PACKAGE SOIC Package: — 7 mW/°C from 65° to 125? C 
A4 B | »—: = CASE 948G-01 TSSOP Package: —6.1 mW/°C from 65° to 125° C 
13 
B4 ORDERING INFORMATION 
PIN 14= Voc MCS4HCXXAJ Ceramic RECOMMENDED OPERATING CONDITIONS 
— o C [Symbol] Parameter | in [ Max [Uni 
MC74HCXXAD SOIC 
Pinout: 14-Load Packages (Top View) MC74HCXXADT TSSOP DC Supply Voltage (Referenced to GND) <a | V. | 
Vim Vout | DC Input Voltage, Output Voltage (Referenced to GND) 





Veo B4 A4 Y4 B3 A3 Y3 


FUNCTION TABLE 





20 
i 
[ TA [Operating Temperature, All Package Types | -55 [* 


FE Input Rise and Fall Time 





DC CHARACTERISTICS (Voltages Referenced to GND) MC54/74HC00A 


Vec[ Guaranteed Limit | 
Symbol Parameter Condition -55 to 25°C| <85°C <125°C 


ec 

V 
Vm | Minimum High-Level Input Voltage | Vou = 0.1V or Voc —0.1V 2.0 V 
[Li] € 204A 3.0 























Vout = 0.1V or Vec- 0.1V 
Ioui] S 204A 


6.0 í 
Houl € 204A 4.5 4.4 

6.0 5.9 

3 2.48 


Vin=Vmor Va Mon! £2.4mMA 
Hour! <4.0mA | 4.5 3.98 3.84 






Von | Minimum High-Level Output Voltage 














Hout! <5.2mA | 6.0 5.48 5.34 | 5.20 
VoL | Maximum Low-Level Output Voltage | Vin = Vin or Vi 2.0 v 

out! S 204A 4.5 
6.0 

Vin=Vmor Ve loul $24mA | 3.0 0.26 0.33 0.40 

Hou! $4.0mA | 4.5 0.26 0.33 0.40 

Hou! $5.2mA | 6.0 0.26 0.33 | 0.40 

Maximum Input Leakage Current | Vin = Voc or GND |60| 301 | +10] £10 | WA] 


Icc | Maximum Quiescent Supply Vin = Vcc or GND HA 
Current (per Package) Tout = OMA 


AC CHARACTERISTICS (C, = 50 pF, Input t, = tp = 6 ns) 









Guaranteed Limit 


| Guaranteed Limit — | 
«FIGURE 3-55 


CMOS logic. Partial data 
sheet for a 54/74HCOOA quad 
2-input NAND gate. The 54 


6.0 13 16 19 is : HH 
Lu feum mem 8 L E PIE ^ EET profis indicates miitary; grade 


and the 74 prefix indicates 


Maximum Propagation Delay, Input A or B to Output Y 


Maximum Output Transition Time, Any Output 










Typical @ 25°C, Voc = 5.0 V, Vgg - 0 V 


commercial grade. 
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QUAD 2-INPUT NAND GATE SN54/74LS00 


DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE (unless otherwise specified) 


* ESD » 3500 Volts 









—— Se 


Input LOW Voltage 


SN54/74LS00 


Input | Input Clamp Diode Voltage = | Input Clamp Diode Voltage = Voltage 


QUAD 2-INPUT NAND GATE 
LOW POWER SCHOTTKY 


Input HIGH Current 
J SUFFIX 
CERAMIC 

CASE 632-08 


PLASTIC 





NOTE 1: Not more than one output should be shorted at a time, nor for more than | second. 


AC CHARACTERISTICS (T, = 25°C) 
D SUFFIX 


SOIC 
CASE 751A-02 


Sr ee ee Ts x 


GUARANTEED OPERATING RANGES 


sme| — emer | | Mim | Tow | Max | om 
Vcc | Supply Voltage 54 4.5 5.5 V 
74 4.75 5.25 
Operating Ambient 54 6^ e 125 
Temperature Range 74 70 
Cd a EET 


pepe TED isl 
å FIGURE 3-56 


Bipolar logic. Partial data sheet for a 54/74LS00 quad 2-input NAND gate. 


ORDERING INFORMATION 
SNSALSXXJ Ceramic 
SN74LSXXN Plastic 
SN74LSXXD SOIC 














Performance Characteristics and Parameters 


Several things define the performance of a logic circuit. These performance characteris- 
tics are the switching speed measured in terms of the propagation delay time, the power 
dissipation, the fan-out or drive capability, the speed-power product, the dc supply voltage, 
and the input/output logic levels. 


Propagation Delay Time 


This parameter is a result of the limitation on switching speed or frequency at which a logic 
circuit can operate. The terms low speed and high speed, applied to logic circuits, refer to 
the propagation delay time. The shorter the propagation delay, the higher the switching 
speed of the circuit and thus the higher the frequency at which it can operate. 

Propagation delay time, tp, of a logic gate is the time interval between the transition 
of an input pulse and the occurrence of the resulting transition of the output pulse. There 
are two different measurements of propagation delay time associated with a logic gate that 
apply to all the types of basic gates: 


* fppj; The time between a specified reference point on the input pulse and a corre- 
sponding reference point on the resulting output pulse, with the output changing from 
the HIGH level to the LOW level (HL). 


* tpp: The time between a specified reference point on the input pulse and a corre- 
sponding reference point on the resulting output pulse, with the output changing from 
the LOW level to the HIGH level (LH). 


For the HCT family CMOS, the propagation delay is 7 ns, for the AC family it is 5 ns, 
and for the ALVC family it is 3 ns. For standard-family bipolar (TTL) gates, the typical 
propagation delay is 11 ns and for F family gates it is 3.3 ns. All specified values are depen- 
dent on certain operating conditions as stated on a data sheet. 


DEI pue ea Test Conditions f 
Input HIGH Voltage Guaranteed Input HIGH Voltage for 
All Inputs 


Guaranteed Input LOW Voltage for 
All Inputs 


Vec = MIN, lin =-18mA 


duci 
A 

Ouput HIGH Voltage me et 41 Voc = MIN, loy = MAX, Vin= Vin 
mn or Vi, per Truth Table 


- 
Ouput LOW Voltage | $474 | — | 025 | 04 | =4.0 mA | Voc = Vcc MIN, Vin = Vii 
[3 pp es = 80 mA | or Vix per Truth Table 
—— cc = MAX, Vin 2 2.7 V 
em es T i700 7LÀ A Él 
CTUTCSIOWEEELLBINGELETHETHOT T UT eR 


Power Supply Current 
loc Total, Output HIGH Voc = MAX 
Total, Output LOW [— rl 









Limits 
— — co 0-0 


= 
=15 pF 





High-speed logic has a short 
propagation delay time. 
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DC Supply Voltage (Vcc) 


The typical dc supply voltage for CMOS logic is either 5 V, 3.3 V, 2.5 V, or 1.8 V, depend- 
ing on the category. An advantage of CMOS is that the supply voltages can vary over a 
wider range than for bipolar logic. The 5 V CMOS can tolerate supply variations from 2 V 
to 6 V and still operate properly although propagation delay time and power dissipation 
are significantly affected. The 3.3 V CMOS can operate with supply voltages from 2 V to 
3.6 V. The typical dc supply voltage for bipolar logic is 5.0 V with a minimum of 4.5 V and 
a maximum of 5.5 V. 


Power Dissipation 


A lower power dissipation means less The power dissipation, Pp, of a logic gate is the product of the dc supply voltage and 

current from the dc supply. the average supply current. Normally, the supply current when the gate output is LOW is 
greater than when the gate output is HIGH. The manufacturer's data sheet usually desig- 
nates the supply current for the LOW output state as Icc and for the HIGH state as /ccg. 
The average supply current is determined based on a 50% duty cycle (output LOW half the 
time and HIGH half the time), so the average power dissipation of a logic gate is 


Iccu + Icc 
Pp = Vcc (ee ^en. 


Equation 3-2 

CMOS gates have very low power dissipations compared to the bipolar family. How- 
ever, the power dissipation of CMOS is dependent on the frequency of operation. At zero 
frequency the quiescent power is typically in the microwatt/gate range, and at the maximum 
operating frequency it can be in the low milliwatt range; therefore, power is sometimes 
specified at a given frequency. The HC family, for example, has a power of 2.75 uW/gate at 
0 Hz (quiescent) and 600 uW/gate at 1 MHz. 

Power dissipation for bipolar gates is independent of frequency. For example, the ALS 
family uses 1.4 mW/gate regardless of the frequency and the F family uses 6 mW/gate. 


Input and Output Logic Levels 


Vi, is the LOW level input voltage for a logic gate, and Vp is the HIGH level input volt- 
age. The 5 V CMOS accepts a maximum voltage of 1.5 V as Vj, and a minimum voltage 
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of 3.5 V as Vig. Bipolar logic accepts a maximum voltage of 0.8 V as Vg, and a minimum 
voltage of 2 V as V. 

VoL is the LOW level output voltage and Voy is the HIGH level output voltage. For 
5 V CMOS, the maximum Vo, is 0.33 V and the minimum Voy is 4.4 V. For bipolar 
logic, the maximum Vo, is 0.4 V and the minimum Voy is 2.4 V. All values depend on 
operating conditions as specified on the data sheet. 


Speed-Power Product (SPP) 


This parameter (speed-power product) can be used as a measure of the performance of a 
logic circuit taking into account the propagation delay time and the power dissipation. It is 
especially useful for comparing the various logic gate series within the CMOS and bipolar 
technology families or for comparing a CMOS gate to a TTL gate. 

The SPP of a logic circuit is the product of the propagation delay time and the power 
dissipation and is expressed in joules (J), which is the unit of energy. The formula is 


SPP = t,Py Equation 3-3 





Fan-Out and Loading 


The fan-out of a logic gate is the maximum number of inputs of the same series in an 
IC family that can be connected to a gate's output and still maintain the output voltage 
levels within specified limits. Fan-out is a significant parameter only for bipolar logic 
because of the type of circuit technology. Since very high impedances are associated 
with CMOS circuits, the fan-out is very high but depends on frequency because of 
capacitive effects. 

Fan-out is specified in terms of unit loads. A unit load for a logic gate equals one input A higher fan-out means that a gate 
to a like circuit. For example, a unit load for a 74LS00 NAND gate equals one input to output can be connected to more 
another logic gate in the 74LS family (not necessarily a NAND gate). Because the current gate inputs. 
from a LOW input (Jņ) of a 74LS00 gate is 0.4 mA and the current that a LOW output 
(Igi) can accept is 8.0 mA, the number of unit loads that a 74LS00 gate can drive in the 
LOW state is 


lou  8&0mA . 


Unit loads = = 
xg hj  04mA 


20 


Figure 3-58 shows LS logic gates driving a number of other gates of the same circuit 
technology, where the number of gates depends on the particular circuit technology. For 
example, as you have seen, the maximum number of gate inputs (unit loads) that a 74L'S 
family bipolar gate can drive is 20. 
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» FIGURE 3-58 Driving gate 
The LS family NAND gate 
output fans out to a maximum 
of 20 LS family gate inputs. 


Load gate 








Unused gate inputs for bipolar (TTL) and CMOS should be connected to the appropriate logic level 
(HIGH or LOW). For AND/NAND, it is recommended that unused inputs be connected to Voc (through 
a 1.0 KQ resistor with bipolar) and for OR/NOR, unused inputs should be connected to ground. 





Bipolar (TTL) CMOS CMOS/Bipolar 








> 
t Un - 


1. An inverter performs the NOR operation. 
2. An AND gate can have only two inputs. 





3. If any input to an OR is 1, the output is 1. 
4. If all inputs to an AND gate are 1, the output is 0. 
5. A NAND gate has an output that is opposite the output of an AND gate. 
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6. 
7. 
8. 
9. 
10. 


A NOR gate can be considered as an OR gate followed by an inverter. 

The output of an exclusive-OR is O if the inputs are opposite. 

Two types of fixed-function iogic integrated circuits are bipolar and NMOS. 
Once programmed, PLD logic can be changed. 


Fan-out is the number of similar gates that a given gate can drive. 


SELF-TEST ; : i ib dre: i : Answers are at the end of the chapter. 





1. 


When the input to an inverter is HIGH (1), the output is 
(a) HIGH or 1 (b) LOW or 1 (c) HIGH or 0 (d) LOW or 0 


. An inverter performs an operation known as 


(a) complementation (b) assertion (c) inversion (d) both answers (a) and (c) 


. The output of an AND gate with inputs A, B, and C is a 1 (HIGH) when 


(a) A=1,B=1,C=1 (b) A= 1,B=0,C=1 (c) A=0,B=0,C=0 


. The output of an OR gate with inputs A, B, and C is a 1 (HIGH) when 


(a) A=1,B=1,C=1 (D A=0,B =0,C = 1 (c) A=0,B =0,C=0 
(d) answers (a), (b), and (c) (e) only answers (a) and (b) 


. A pulse is applied to each input of a 2-input NAND gate. One pulse goes HIGH at t = 0 and 


goes back LOW at t = 1 ms. The other pulse goes HIGH at t = 0.8 ms and goes back LOW at 
t = 3 ms. The output pulse can be described as follows: 

(a) It goes LOW at t = 0 and back HIGH at t = 3 ms. 

(b) It goes LOW at t = 0.8 ms and back HIGH at t = 3 ms. 

(c) It goes LOW at t = 0.8 ms and back HIGH at t = 1 ms. 

(d) It goes LOW at t = 0.8 ms and back LOW at t = 1 ms. 


. A pulse is applied to each input of a 2-input NOR gate. One pulse goes HIGH at t = 0 and 


goes back LOW at t = 1 ms. The other pulse goes HIGH at t = 0.8 ms and goes back LOW at 
t = 3 ms. The output pulse can be described as follows: 

(a) It goes LOW at t = 0 and back HIGH at t = 3 ms. 

(b) It goes LOW at t = 0.8 ms and back HIGH at t = 3 ms. 

(c) It goes LOW at t = 0.8 ms and back HIGH at t = 1 ms. 

(d) It goes HIGH at t = 0.8 ms and back LOW at t = 1 ms. 


. A pulse is applied to each input of an exclusive-OR gate. One pulse goes HIGH at t = 0 and 


goes back LOW at t = 1 ms. The other pulse goes HIGH at t = 0.8 ms and goes back LOW at 
t — 3 ms. The output pulse can be described as follows: 

(a) It goes HIGH at t — 0 and back LOW at t — 3 ms. 

(b) It goes HIGH at t = 0 and back LOW at t = 0.8 ms. 

(c) It goes HIGH at t = 1 ms and back LOW att = 3 ms. 

(d) both answers (b) and (c) 


. A positive-going pulse is applied to an inverter. The time interval from the leading edge of the 


input to the leading edge of the output is 7 ns. This parameter is 
(a) speed-power product (b) propagation delay, tpy; 
(c) propagation delay, tp; 77 (d) pulse width 


. The purpose of a programmable link in an AND array is to 


(a) connect an input variable to a gate input 

(b) connect a row to a column in the array matrix 

(c) disconnect a row from a column in the array matrix 
(d) do all of the above 


PROBLE MS Answers to odd-numbered problems are at the end of the book. 





Section 3-1 The Inverter 


1. 


» FIGURE 3-59 


The input waveform shown in Figure 3—59 is applied to an inverter. Draw the timing diagram 
of the output waveform in proper relation to the input. 


mye aac CA Fr FE L$ 
IN LOW 
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2. A combination of inverters is shown in Figure 3—60. If a HIGH is applied to point A, determine 
the logic levels at points B through F 


» FIGURE 3-60 





3. If the waveform in Figure 3-59 is applied to point A in Figure 3-77, determine the waveforms 
at points B through F. 


Section 3-2 The AND Gate 
4. Draw the rectangular outline symbol for a 4-input AND gate. 


5. Determine the output, X, for a 2-input AND gate with the input waveforms shown in Figure 
3-61. Show the proper relationship of output to inputs with a timing diagram. 


» FIGURE 3-61 (TT | | [ H 
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6. Repeat Problem 5 for the waveforms in Figure 3—62. 


» FIGURE 3-62 A 


7. The input waveforms applied to a 3-input AND gate are as indicated in Figure 3-63. Show the 
output waveform in proper relation to the inputs with a timing diagram. 


» FIGURE 3-63 ere Bi M TL IT ILL 


8. The input waveforms applied to a 4-input AND gate are as indicated in Figure 3-64. Show the 
output waveform in proper relation to the inputs with a timing diagram. 


» FIGURE 3-64 hi ae Le] I^ r1 b 
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Section 3-3 The OR Gate 
9. Draw the rectangular outline symbol for a 3-input AND gate. 
10. Write the expression for a 5-input OR gate with inputs A, B, C, D, E, and output X. 
11. Determine the output for a 2-input OR gate when the input waveforms are as in Figure 3—62 
and draw a timing diagram. 
12. Repeat Problem 7 for a 3-input OR gate. 
13. Repeat Problem 8 for a 4-input OR gate. 


14. For the five input waveforms in Figure 3—65, determine the output if the five signals are ANDed. 
Determine the output if the five signals are ORed. Draw the timing diagram for each case. 
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» FIGURE 3-65 Fataki kada e F pakte i LI LILI] 


15. Draw the rectangular outline symbol for a 4-input OR gate. 
16. Show the truth table for a 3-input OR gate. 


Section 3-4 The NAND Gate 


17. For the set of input waveforms in Figure 3—66, determine the output for the gate shown and 
draw the timing diagram. 


» FIGURE 3-66 Tun 
PFIGURES66 — 


18. Determine the gate output for the input waveforms in Figure 3—67 and draw the timing 
diagram. 


» FIGURE 3-67 AT) For) fy e a 
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» FIGURE 3-68 


20. As you have learned, the two logic symbols shown in Figure 3—69 represent equivalent 
operations. The difference between the two is strictly from a functional viewpoint. For the 
NAND symbol, look for two HIGHs on the inputs to give a LOW output. For the negative- 
OR, look for at least one LOW on the inputs to give a HIGH on the output. Using these 
two functional viewpoints, show that each gate will produce the same output for the given 
inputs. 


» FIGURE 3-69 A 


Section 3-5 The NOR Gate 
21. Repeat Problem 17 for a 2-input NOR gate. 
22. Determine the output waveform in Figure 3—70 and draw the timing diagram. 
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23. Repeat Problem 19 for a 4-input NOR gate. 


24. The NAND and the negative-OR symbols represent equivalent operations, but they are func- 
tionally different. For the NOR symbol, look for at least one HIGH on the inputs to give a 
LOW on the output. For the negative-AND, look for two LOWs on the inputs to give a HIGH 
output. Using these two functional points of view, show that both gates in Figure 3-71 will 
produce the same output for the given inputs. 


> FIGURE 3-71 a] > » 
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Section 3-6 The Exclusive-OR and Exclusive-NOR Gates 

25. How does an exclusive-OR gate differ from an OR gate in its logical operation? 
26. Repeat Problem 17 for an exclusive-OR gate. 

27. Repeat Problem 17 for an exclusive-NOR gate. 


28. Determine the output of an exclusive-OR gate for the inputs shown in Figure 3—62 and draw a 
timing diagram. 


Section 3-7 Fixed-Function Logic Gates 
29. In the comparison of certain logic devices, it is noted that the power dissipation for one particular 
type increases as the frequency increases. Is the device bipolar or CMOS? 
30. Using the data sheets in Figures 3-55 and 3—56, determine the following: 
(a) 74LS00 power dissipation at maximum supply voltage and a 50% duty cycle 
(b) Minimum HIGH level output voltage for a 74L S00 
(c) Maximum propagation delay for a 74L' S00 
(d) Maximum LOW level output voltage for a 74HCOOA 
(e) Maximum propagation delay for a 74HCOOA 


31. Determine tp; jj and tp, from the oscilloscope display in Figure 3-72. The readings indicate 
volts/div and sec/div for each channel. 


» FIGURE 3-72 


Input 


Output 





32. Gate A has tp; = tp = 6ns. Gate B has tpu = tpp = 10 ns. Which gate can be operated 
at a higher frequency? 


33. If a logic gate operates on a dc supply voltage of +5 V and draws an average current of 4 mA, 
what is its power dissipation? 


34. The variable Jccy represents the dc supply current from Vcc when all outputs of an IC are 
HIGH. The variable Icc, represents the dc supply current when all outputs are LOW. For a 
74L S00 IC, determine the typical power dissipation when all four gate outputs are HIGH. 
(See data sheet in Figure 3—56.) 
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SECTION CHECKUPS 
Section 3-1 The Inverter 
1. When the inverter input is 1, the output is 0. 


2. (a) b 


(b) A negative-going pulse is on the output (HIGH to LOW and back HIGH). 


Section 3-2 The AND Gate 
1. An AND gate output is HIGH only when all inputs are HIGH. 
2. An AND gate output is LOW when one or more inputs are LOW. 


3. Five-input AND: X = 1 when ABCDE = 11111, and X = 0 for all other combinations of 
ABCDE. 


Section 3-3 The OR Gate 
1. An OR gate output is HIGH when one or more inputs are HIGH. 
2. An OR gate output is LOW only when all inputs are LOW. 
3. Three-input OR: X = 0 when ABC = 000, and X = 1 for all other combinations of ABC. 


Section 3-4 The NAND Gate 
1. A NAND gate output is LOW only when all inputs are HIGH. 
2. ANAND gate output is HIGH when one or more inputs are LOW. 


3. NAND: active-LOW output for all HIGH inputs; negative-OR: active-HIGH output for one or 
more LOW inputs. They have the same truth tables. 


4. X — ABC 


Section 3-5 The NOR Gate 
1. A NOR gate output is HIGH only when all inputs are LOW. 
2. A NOR gate output is LOW when one or more inputs are HIGH. 


3. NOR: active-LOW output for one or more HIGH inputs; negative-AND: active-HIGH output 
for all LOW inputs. They have the same truth tables. 


4.X=A+B+C 


Section 3-6 The Exclusive-OR and Exclusive-NOR Gates 
1. An XOR gate output is HIGH when the inputs are at opposite levels. 
2. An XNOR gate output is HIGH when the inputs are at the same levels. 
3. Apply the bits to the XOR gate inputs; when the output is HIGH, the bits are different. 


Section 3-7 Fixed-Function Logic Gates 
1. Fixed-function logic cannot be changed. PLDs can be programmed for any logic function. 
2. CMOS and bipolar (TTL) 
3. (a) LS—Low-power Schottky 
(b) HC—High-speed CMOS 
(c) HCT—HC CMOS TTL compatible 
. Lowest power—CMOS 
. Six inverters in a package; four 2-input NAND gates in a package 
fpyg = 10 ns; tpp = 8ns 
18 pJ 
- Iccy—4dc supply current for LOW output state; J¢¢y—dc supply current for HIGH output state 
. Vy —LOW input voltage; Vy —HIGH input voltage 
10. Vo, —LOW output voltage; Voj4 —HIGH output voltage 


Cannan sa 
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RELATED PROBLEMS FOR EXAMPLES 
3-1 The timing diagram is not affected. 
3-2 See Table 3-15. 


» TABLE 3-15 
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3-3 See Figure 3-73. 


» FIGURE 3-73 a oct nd Poend To 
I 


3-4 The output waveform is the same as input A. 
3-5 See Figure 3-74. 

3-6 Results are the same as example. 

3-7 See Figure 3-75. 


C = HIGH gto Ts 


À FIGURE 3-74 å FIGURE 3-75 


3-8 See Figure 3-76. 
3-9 SeeFigure 3-77. 


Enr a C=LOW 


4 FIGURE 3-76 À FIGURE 3-77 


3-10 See Figure 3-78. 
3-11 See Figure 3-79. 
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A FIGURE 3-78 å FIGURE 3-79 


3-12 Use a 3-input NAND gate. 
3-13 Use a 4-input NAND gate operating as a negative-OR gate. 
3-14 See Figure 3-80. 


» FIGURE 3-80 A 
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3-15 See Figure 3-81. 
3-16 See Figure 3-82. 


4 FIGURE 3-81 4 FIGURE 3-82 


3-17 Use a 2-input NOR gate. 
3-18 A 3-input NAND gate. 
3-19 The output is always LOW. The output is a straight line. 


3-20 The exclusive-OR gate will not detect simultaneous failures if both circuits produce the 
same outputs. 


3-21 The outputs are unaffected. 


3-22 The gate with 4 ns tp; j and tpp; can operate at the highest frequency. 
3-23 10 mW 
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4—1 . Boolean Operations and Expressions 4-7 . Boolean Expressions and Truth Tables 
4-2 Laws and Rules of Boolean Algebra 4-8 The Karnaugh Map 

4-3 . DeMorgan's Theorems 4-9 Karnaugh Map SOP Minimization 

4—4 . Boolean Analysis of Logic Circuits 4-10 Karnaugh Map POS Minimization 

4-5 Logic Simplification Using Boolean Algebra 4-11 The Quine-McCluskey Method 


4-6 Standard Forms of Boolean Expressions 


4-1 


InfoNote | 


In a microprocessor, the 
arithmetic logic unit (ALU) — 
performs arithmetic and Boolean 
logic operations on digital 

data as directed by program 
instructions. Logical operations 
are equivalent to the basic gate — 
operations that you are familiar 
with but deal with a minimum 
of 8 bits ata time. Examples 
of Boolean logic instructions - 

are AND, OR, NOT, and XOR, 
which are called mnemonics. 

An assembly language program 
uses the mnemonics to specify 
an operation. Another program 
called an assembler translates the 
mnemonics into a binary code 
that can be understood by the 
microprocessor. 


The OR operation is the Boolean 
equivalent of addition. 


Boolean Operations and Expressions 


Variable, complement, and literal are terms used in Boolean algebra. A variable is a sym- 
bol (usually an italic uppercase letter or word) used to represent an action, a condition, or 
data. Any single variable can have only a 1 or a 0 value. The complement is the inverse of a 
variable and is indicated by a bar over the variable (overbar). For example, the complement 
of the variable A is A. If A = 1, then A = 0.If A = 0, then A = 1. The complement of the 
variable A is read as “not A” or “A bar.’ Sometimes a prime symbol rather than an overbar is 
used to denote the complement of a variable; for example, B' indicates the complement of B. 
In this book, only the overbar is used. A literal is a variable or the complement of a variable. 


Boolean Addition 


Recall from Chapter 3 that Boolean addition is equivalent to the OR operation. The basic 
rules are illustrated with their relation to the OR gate in Figure 4-1. 


0-020 O+1=1 140-1 141-21 


YY UY. 


In Boolean algebra, a sum term is a sum of literals. In logic circuits, a sum term is pro- 
duced by an OR operation with no AND operations involved. Some examples of sum terms 
are A + B,A+B,A+B+C,andA+B+C+D. 

A sum term is equal to 1 when one or more of the literals in the term are 1. A sum term 
is equal to 0 only if each of the literals is 0. 


à FIGURE 4-1 


\ 
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Boolean Multiplication 


Also recall from Chapter 3 that Boolean multiplication is equivalent to the AND operation. The AND operation is the Boolean 
The basic rules are illustrated with their relation to the AND gate in Figure 4-2. equivalent of multiplication. 


“FIGURE 4-2 





In Boolean algebra, a product term is the product of literals. In logic circuits, a product 
term is produced by an AND operation with no OR operations involved. Some examples of 
product terms are AB, AB, ABC, and ABCD. 

A product term is equal to 1 only if each of the literals in the term is 1. A product term 
is equal to 0 when one or more of the literals are 0. 





4-2 Laws and Rules of Boolean Algebra 


Laws of Boolean Algebra 


The basic laws of Boolean algebra—the commutative laws for addition and multiplication, 
the associative laws for addition and multiplication, and the distributive law—are the same 
as in ordinary algebra. Each of the laws is illustrated with two or three variables, but the 
number of variables is not limited to this. 
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Commutative Laws 
The commutative law of addition for two variables is written as 
A+B=B+H+A Equation 4-1 


This law states that the order in which the variables are ORed makes no difference. Remember, 
in Boolean algebra as applied to logic circuits, addition and the OR operation are the same. 
Figure 4—3 illustrates the commutative law as applied to the OR gate and shows that it doesn't 
matter to which input each variable is applied. (The symbol = means “equivalent to.") 


» FIGURE 4-3 
Application of commutative 
law of addition. 





The commutative law of multiplication for two variables is 
AB = BA Equation 4-2 


This law states that the order in which the variables are ANDed makes no difference. 
Figure 4—4 illustrates this law as applied to the AND gate. Remember, in Boolean algebra 
as applied to logic circuits, multiplication and the AND function are the same. 


- 


» FIGURE 4-4 
Application of commutative 
law of multiplication. 





Associative Laws 
The associative law of addition is written as follows for three variables: 
At+(B+QO=At+B+C Equation 4—3 


This law states that when ORing more than two variables, the result is the same regardless of 
the grouping of the variables. Figure 4—5 illustrates this law as applied to 2-input OR gates. 


» FIGURE 4-5 

Application of associative law 
of addition. Open file F04-05 
to verify. A Multisim tutorial is 
available on the website. 


MultiSim 
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{A+B 
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The associative law of multiplication is written as follows for three variables: | 
A(BC) — (AB)C Equation 4—4 


This law states that it makes no difference in what order the variables are grouped when AND- 
ing more than two variables. Figure 4—6 illustrates this law as applied to 2-input AND gates. 


» FIGURE 4-6 

Application of associative law 
of multiplication. Open file 
F04-06 to verify. 


© > 





I— (AB)C 


MultiSim 
x Distributive Law 
The distributive law is written for three variables as follows: 
A(B + C) = AB + AC Equation 4—5 


This law states that ORing two or more variables and then ANDing the result with a single 
variable is equivalent to ANDing the single variable with each of the two or more variables 
and then ORing the products. The distributive law also expresses the process of factoring in 
which the common variable A is factored out of the product terms, for example, AB + AC = 
A(B + C). Figure 4-7 illustrates the distributive law in terms of gate implementation. 
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«FIGURE 4-7 
Application of distributive law. 
Open file F04-07 to verify. 
MultiSim 
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X =A(B+C) 


Rules of Boolean Algebra 


Table 4-1 lists 12 basic rules that are useful in manipulating and simplifying Boolean 
expressions. Rules 1 through 9 will be viewed in terms of their application to logic gates. 
Rules 10 through 12 will be derived in terms of the simpler rules and the laws previously 


discussed. 


«TABLE 4-1 
2.A* 1-71 Basic rules of Boolean 
3.A°0=0 LASA algebra. 
LATEA 10. A + AB=A 
5.A-A-—A 11.4+AB=A+B 
6At+A=1 12. (A + BA + C) = A+ BC 


| 


Il 
> 


1. A - 0 


e 9 
>|| > > 


A 
0 


>| > 


I 


A, B, or C can represent a single variable or a combination of variables. 
Rule 1: A +0= A A variable ORed with 0 is always equal to the variable. If the input 


variable A is 1, the output variable X is 1, which is equal to A. If A is 0, the output is 0, which 
is also equal to A. This rule is illustrated in Figure 4-8, where the lower input is fixed at 0. 


«FIGURE 4-8 





Rule 2: A +1 —1 A variable ORed with 1 is always equal to 1. A 1 on an input to an 
OR gate produces a 1 on the output, regardless of the value of the variable on the other 
input. This rule is illustrated in Figure 4—9, where the lower input is fixed at 1. 


«FIGURE 4-9 





X-A-1z1 


Rule 3: A-0 — O0 A variable ANDed with 0 is always equal to 0. Any time one input to 
an AND gate is 0, the output is 0, regardless of the value of the variable on the other input. 
This rule is illustrated in Figure 4—10, where the lower input is fixed at 0. 


«FIGURE 4-10 





X-2A*020 


Rule 4: A- 1— A A variable ANDed with 1 is always equal to the variable. If A is 0, the 
output of the AND gate is O. If A is 1, the output of the AND gate is 1 because both inputs 
are now 1s. This rule is shown in Figure 4—11, where the lower input is fixed at 1. 


«FIGURE 4-11 
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Rule 5: A+ A- A A variable ORed with itself is always equal to the variable. If A is 0, 
then 0 + 0 = 0; and if A is 1, then 1 + 1 = 1. This is shown in Figure 4—12, where both 
inputs are the same variable. 


» FIGURE 4-12 


X=A+t+A=A 


Rule 6: A + A=1 A variable ORed with its complement is always equal to 1. If A is 
0,then0 + 0 = 0 + 1 = L.IfAisl,then] + 1 = 1 + 0 = 1. See Figure 4-13, where 
one input is the complement of the other. 


» FIGURE 4-13 A=0 | ee — 
Az1 A=0 


Rule 7: A-A =A A variable ANDed with itself is always equal to the variable. If 
A = 0, then 0 -0 = 0; and if A = 1, then 1 -1 = 1. Figure 4—14 illustrates this rule. 


» FIGURE 4-14 T Mm E 
"P E X-0 Xz1 
A=0 Az1 


Rule 8: A- A=0 A variable ANDed with its complement is always equal to 0. Either A 
or A will always be 0; and when a 0 is applied to the input of an AND gate, the output will 
be 0 also. Figure 4—15 illustrates this rule. 





» FIGURE 4-15 aa 
A=0 
K¥=A*A=0 
Rule 9: A - A The double complement of a variable is always equal to the variable. If 
you start with the variable A and complement (invert) it once, you get A. If you then take 
A and complement (invert) it, you get A, which is the original variable. This rule is shown 
in Figure 4—16 using inverters. 
PFIGURE416 0 — V. Aui * A-0 = 
A-0 A=0 A=1 A=! 


Rule 10: A + AB =A This rule can be proved by applying the distributive law, rule 2, 
and rule 4 as follows: 
A+AB=A+1+AB=A(1 + B) Factoring (distributive law) 
—A*1 Rule2:(1 + B) = 1 
=A Rule4:A*1 — A 


The proof is shown in Table 4—2, which shows the truth table and the resulting logic circuit 
simplification. 
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MultiSim 
NO 
0 0 0 
l 0 0 “<TABLE 4-2 
0 0 l B | Rule 10: A + AB = A. Open file 
l l l | T04-02 to verify. 
t f ^ straight connection 
equal z 
Rule 11: A + AB=A+B This rule can be proved as follows: 
A + AB = (A + AB) + AB Rule 10:A = A + AB 

= (AA + AB) + AB Rule 7:A = AA 

= AA + AB + AA + AB Rule 8: adding AA = 0 

= (A + AYA + B) Factoring 

= 1 *(A +B) Rule6:A + A = 1 

=A+B Rule 4: drop the 1 

The proof is shown in Table 4-3, which shows the truth table and the resulting logic 
circuit simplification. 
MultiSim 
qa 
“<TABLE 4-3 


Rule 11: A + AB = A + B. 
Open file T04-03 to verify. 





Rule 12: (A + B)(A + C) = A+ BC This rule can be proved as follows: 
(A + BXA + C) = AA + AC + AB + BC Distributive law 
=A+AC+AB+BC  Rule7: AA — A 
= A(1 + C) + AB + BC Factoring (distributive law) 


=A-+1+AB+BC Rule 2:1+C= 1 

= A(1 + B) + BC Factoring (distributive law) 

=A-+1+BC Rule 2:1 + B= 1 

= AÁ + BC Rule4:A* 1 — A | 
The proof is shown in Table 4—4, which shows the truth table and the resulting logic circuit 
simplification. 
Y TABLE 4-4 MultiSim 
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4-3 DeMorgan's Theorems 





To apply DeMorgan's theorem, break DeMorgan's first theorem is stated as follows: 
the bar over the product of variables 
and change the sign from AND to The complement of a product of variables is equal to the sum of the complements 
OR. - of the variables. 
Stated another way, 


The complement of two or more ANDed variables is equivalent to the OR of the 
complements of the individual variables. 


The formula for expressing this theorem for two variables is 
XY =X+/Y Equation 4—6 
DeMorgan’s second theorem is stated as follows: 


The complement of a sum of variables is equal to the product of the complements 
of the variables. 


Stated another way, 


The complement of two or more ORed variables is equivalent to the AND of the 
complements of the individual variables. 


The formula for expressing this theorem for two variables is 
X+Y=XY Equation 4-7 


Figure 4—17 shows the gate equivalencies and truth tables for Equations 4—6 
and 4-7. 

As stated, DeMorgan’s theorems also apply to expressions in which there are more than 
two variables. The following examples illustrate the application of DeMorgan’s theorems 
to 3-variable and 4-variable expressions. 


» FIGURE 4-17 

Gate equivalencies and the 
corresponding truth tables 
that illustrate DeMorgan’s 
theorems. Notice the equality 
of the two output columns in 
each table. This shows that 
the equivalent gates perform 
the same logic function. 





NAND Negative-OR 





NOR Negative-AND 
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Each variable in DeMorgan’s theorems as stated in Equations 4—6 and 4—7 can also repre- 
sent a combination of other variables. For example, X can be equal to the term AB + C, and Y 
can be equal to the term A + BC. So if you can apply DeMorgan’s theorem for two variables 
as stated by XY = X + Y totheexpression (AB + C)(A + BC), you get the following result: 


(AB + OA + BC) = (AB + C) + (A + BC) 
Notice that in the preceding result you have two terms, AB + C and A + BC, to each of 
which you can again apply DeMorgan’s theorem X + Y = XY individually, as follows: 
(AB + C) + (A + BC) = (AB)C + A(BC) 
Notice that you still have two terms in the expression to which DeMorgan’s theorem can 


again be applied. These terms are AB and BC. A final application of DeMorgan’s theorem 
gives the following result: 


- (AB)C + A(BC) = (A + B)C + A(B + C) 
Although this result can be simplified further by the use of Boolean rules and laws, 
DeMorgan’s theorems cannot be used any more. . 





Applying DeMorgan’s Theorems 


The following procedure illustrates the application of DeMorgan’s theorems and Boolean 
algebra to the specific expression 


A + BC + D(E + F) 
Step 1: Identify the terms to which you can apply DeMorgan’s theorems, and think of 
each term as a single variable. Let A + BC = X and D(E + F) = Y. 
Step 2: Since X + Y = XY, 
(A + BC) + (D(E + F)) = (A + BCXD(E + F)) 


Step 3: Use rule 9 (A = A) to cancel the double bars over the left term (this is not part 
of DeMorgan’s theorem). 





] (A + BCY)UXE + F)) = (A + BCYUXE + F)) 
Step 4: Apply DeMorgan’s theorem to the second term. 
(A + BC)UXE + F)) = (A + BC)(D + (E + F)) 
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Step 5: Use rule 9 (A = A) to cancel the double bars over the E + F part of the term. 
(A+ BOD + E + F) = (A + BCYD + E + F) 
The following three examples will further illustrate how to use DeMorgan’s theorems. 
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4-4 Boolean Analysis of Logic Circuits 





Boolean Expression for a Logic Circuit 


To derive the Boolean expression for a given combinational logic circuit, begin at the left-most A combinational logic circuit can be 
inputs and work toward the final output, writing the expression for each gate. For the example described by a Boolean equation. 
circuit in Figure 4-18, the Boolean expression is determined in the following three steps: 

1. The expression for the left-most AND gate with inputs C and D is CD. 


2. The output of the left-most AND gate is one of the inputs to the OR gate and B is the 
other input. Therefore, the expression for the OR gate is B + CD. 


3. The output of the OR gate is one of the inputs to the right-most AND gate and A is the 
other input. Therefore, the expression for this AND gate is A(B + CD), which is the 
final output expression for the entire circuit. - 


* FIGURE 4-18 

A combinational logic circuit 
showing the development of 
the Boolean expression for the 
output. 





Constructing a Truth Table for a Logic Circuit 


Once the Boolean expression for a given logic circuit has been determined, a truth table that A combinational logic circuit can be 
shows the output for all possible values of the input variables can be developed. The proce- described by a truth table. 

dure requires that you evaluate the Boolean expression for all possible combinations of values 

for the input variables. In the case of the circuit in Figure 4—18, there are four input variables 

(A, B, C, and D) and therefore sixteen (2^ — 16) combinations of values are possible. 
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Evaluating the Expression 


To evaluate the expression A(B + CD), first find the values of the variables that make the 
expression equal to 1, using the rules for Boolean addition and multiplication. In this case, 
the expression equals 1 only if A = 1 and B + CD = 1 because 


A(B + CD) 21:171 


Now determine when the B + CD term equals 1. The term B + CD = lifeither B = 1 
or CD = lor if both B and CD equal 1 because 


B+CD=1+0=1 
B+CD=0+1=1 
B+CD=1+1=1 


The term CD = 1 only if C = 1 and D = 1. 

To summarize, the expression A(B + CD) = 1 when A = 1 and B = 1 regardless of 
the values of C and D or when A = 1 and C = 1 and D = | regardless of the value of B. 
The expression A(B + CD) = 0 for all other value combinations of the variables. 


Putting the Results in Truth Table Format- 


The first step is to list the sixteen input variable combinations of 1s and Os in a binary 
sequence as shown in Table 4—5. Next, place a 1 in the output column for each combination 
of input variables that was determined in the evaluation. Finally, place a O in the output 
column for all other combinations of input variables. These results are shown in the truth 
table in Table 4—5. 


» TABLE 4-5 
Truth table for the logic circuit 
in Figure 4-18. 








PRE EE ---oooooooo [x 
— = = == 00000000000] 
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4-5 Logic Simplification Using Boolean Algebra 


A simplified Boolean expression uses the fewest gates possible to implement a given 
expression. Examples 4—9 through 4—12 illustrate Boolean simplification. 





Simplification means fewer gates for 
the same function. 


» FIGURE 4-20 

Gate circuits for Example 4—9. 
Open file F04-20 to verify 
equivalency. 


M 


Chapter 4 Boolean Algebra and Logic Simplification 


Figure 4—20 shows that the simplification process in Example 4—9 has significantly 
reduced the number of logic gates required to implement the expression. Part (a) shows that 
five gates are required to implement the expression in its original form; however, only two 
gates are needed for the simplified expression, shown in part (b). It is important to realize 
that these two gate circuits are equivalent. That is, for any combination of levels on the A, 
B, and C inputs, you get the same output from either circuit. 


apart two circuits are equivalent. TA 
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4-6 Standard Forms of Boolean Expressions 
The Sum-of-Products (SOP) Form 


A product term was defined in Section 4—1 as a term consisting of the product (Boolean An SOP expression can be 
multiplication) of literals (variables or their complements). When two or more product implemented with one OR gate and 
terms are summed by Boolean addition, the resulting expression is a sum-of-products two or more AND gates. 

(SOP). Some examples are 


AB + ABC 

ABC + CDE + BCD 

AB + ABC + AC 
Also, an SOP expression can contain a single-variable term, as in A + ABC + BCD. 
Refer to the simplification examples in the last section, and you will see that each of the 
final expressions was either a single product term or in SOP form. In an SOP expression, a 
single overbar cannot extend over more than one variable; however, more than one variable 
in a term can have an overbar. For example, an SOP expression can have the term ABC 
but not ABC. 


Domain of a Boolean Expression 


The domain of a general Boolean expression is the set of variables contained in the expres- 
sion in either complemented or uncomplemented form. For example, the domain of the 
expression AB + ABC is the set of variables A, B, C and the domain of the expression 
ABC + CDE + BCD is the set of variables A, B, C, D, E. 


AND/OR Implementation of an SOP Expression 


Implementing an SOP expression simply requires ORing the outputs of two or more AND 
gates. A product term is produced by an AND operation, and the sum (addition) of two or 
more product terms is produced by an OR operation. Therefore, an SOP expression can 
be implemented by AND-OR logic in which the outputs of a number (equal to the number 
of product terms in the expression) of AND gates connect to the inputs of an OR gate, as 
shown in Figure 4—22 for the expression AB + BCD + AC. The output X of the OR gate 


equals the SOP expression. 
A «FIGURE 4-22 
B Implementation of the SOP 
B expression AB + BCD + AC. 
E X = AB + BCD + AC 
D 
A 
C 
NAND/NAND Implementation of an SOP Expression 
NAND gates can be used to implement an SOP expression. By using only NAND gates, 
an AND/OR function can be accomplished, as illustrated in Figure 4-23. The first level 
of NAND gates feed into a NAND gate that acts as a negative-OR gate. The NAND and 
negative-OR inversions cancel and the result is effectively an AND/OR circuit. 
«FIGURE 4-23 


This NAND/NAND implemen- 
tation is equivalent to the 
AND/OR in Figure 4—22. 


X = AB + BCD + AC 


A > VOW wv» 
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Conversion of a General Expression to SOP Form 


Any logic expression can be changed into SOP form by applying Boolean algebra tech- 
niques. For example, the expression A(B + CD) can be converted to SOP form by applying 
the distributive law: 


A(B + CD) = AB + ACD 





The Standard SOP Form 


So far, you have seen SOP expressions in which some of the product terms do not con- 
tain all of the variables in the domain of the expression. For example, the expression 
ABC + ABD + ABCD has a domain made up of the variables A, B, C, and D. However, 
notice that the complete set of variables in the domain is not represented in the first two 
terms of the expression; that is, D or D is missing from the first term and C or C is missing 
from the second term. 

A standard SOP expression is one in which all the variables in the domain appear in 
each product term in the expression. For example, ABCD + ABCD + ABCD is a stan- 
dard SOP expression. Standard SOP expressions are important in constructing truth tables, 
covered in Section 4—7, and in the Karnaugh map simplification method, which is covered 
in Section 4—8. Any nonstandard SOP expression (referred to simply as SOP) can be con- 
verted to the standard form using Boolean algebra. 


Converting Product Terms to Standard SOP 


Each product term in an SOP expression that does not contain all the variables in the 
domain can be expanded to standard form to include all variables in the domain and their 
complements. As stated in the following steps, a nonstandard SOP expression is converted 
into standard form using Boolean algebra rule 6 (A + A = 1) from Table 4-1: A variable 
added to its complement equals 1. 


Step 1: Multiply each nonstandard product term by a term made up of the sum of a 
missing variable and its complement. This results in two product terms. As you 
know, you can multiply anything by 1 without changing its value. 

Step 2: Repeat Step 1 until all resulting product terms contain all variables in the 
domain in either complemented or uncomplemented form. In converting a 
product term to standard form, the number of product terms is doubled for each 
missing variable, as Example 4—15 shows. 
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Binary Representation of a Standard Product Term 


A. standard product term is equal to 1 for only one combination of variable values. For 
example, the product term ABCD is equal to 1 when A = 1, B = 0, C = 1, D = 0, as 
shown below, and is 0 for all other combinations of values for the variables. 


ABCD = 909470 € FOU 01 71 T 


In this case, the product term has a binary value of 1010 (decimal ten). 
Remember, a product term is implemented with an AND gate whose output is 1 only if ich 
of its inputs is 1. Inverters are used to produce the complements of the variables as required. 


An SOP expression is equal to 1 only if one or more of the iani terms in the 
expression is equal to 1. 
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The Product-of-Sums (POS) Form 


A sum term was defined in Section 4—1 as a term consisting of the sum (Boolean addition) 
of literals (variables or their complements). When two or more sum terms are multiplied, 
the resulting expression is a product-of-sums (POS). Some examples are 


(A+ BYA * B 4 C) 

(A - B - CYC * D * EYB * C 4 D) 

(A+ BY(A B * CYA ^ C) 
A POS expression can contain a single-variable term, as in A(A + B + CB + C + D). 
In a POS expression, a single overbar cannot extend over more than one variable; however, 


more than one variable in a term can have an overbar. For example, a POS expression can 
have the term A + B + C but not A + B + C. 


Implementation of a POS Expression 


Implementing a POS expression simply requires ANDing the outputs of two or more OR 
gates. A sum term is produced by an OR operation, and the product of two or more sum 
terms is produced by an AND operation. Therefore, a POS expression can be implemented by 
logic in which the outputs of a number (equal to the number of sum terms in the expression) 
of OR gates connect to the inputs of an AND gate, as Figure 4—24 shows for the expression 
(A + BY((B + C + DXA + C). The output X of the AND gate equals the POS expression. 


» FIGURE 4-24 
Implementation of the POS 
expression 

(A+ B\(B + C+ D(A + C). 


X=(A+B\(B+C+D\A+C) 


VAs uu >» 


Q > 


The Standard POS Form 


So far, you have seen POS expressions in which some of the sum terms do not contain all 
of the variables in the domain of the expression. For example, the expression 


(A+B+C\(A+B+D)\(A+B+C+D) 


has a domain made up of the variables A, B, C, and D. Notice that the complete set of vari- 
ables in the domain is not represented in the first two terms of the expression; that is, D or 
D is missing from the first term and C or C is missing from the second term. 

A standard POS expression is one in which all the variables in the domain appear in 
each sum term in the expression. For example, 


(A+Bt+C+D\A+B+C+D)\(A+B+C+D) 


is a standard POS expression. Any nonstandard POS expression (referred to simply as 
POS) can be converted to the standard form using Boolean algebra. 


Converting a Sum Term to Standard POS 


Each sum term in a POS expression that does not contain all the variables in the domain can 
be expanded to standard form to include all variables in the domain and their complements. 
As stated in the following steps, a nonstandard POS expression is converted into standard 
form using Boolean algebra rule 8 (A - A = 0) from Table 4-1: A variable multiplied by 
its complement equals 0. 


Step 1: Add to each nonstandard product term a term made up of the product of the 
missing variable and its complement. This results in two sum terms. As you 
know, you can add 0 to anything without changing its value. 

Step 2: Apply rule 12 from Table 4-1:A + BC = (A + BXA + C) 


Step 3: Repeat Step 1 until all resulting sum terms contain all variables in the domain 
in either complemented or uncomplemented form. 
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Binary Representation of a Standard Sum Term 


A standard sum term is equal to 0 for only one combination of variable values. For exam- 
ple, the sum term A + B + C + D is 0 when A = 0, B = 1, C = 0, and D = 1, as 
shown below, and is 1 for all other combinations of values for the variables. 


A+B+C+D=0+1+0+1=0+0+0+0=0 


In this case, the sum term has a binary value of 0101 (decimal 5). Remember, a sum term 
is implemented with an OR gate whose output is 0 only if each of its inputs is 0. Inverters 
are used to produce the complements of the variables as required. 


A POS expression is equal to 0 only if one or more of the sum terms in the expres- 
sion is equal to 0. 
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Converting Standard SOP to Standard POS 


The binary values of the product terms in a given standard SOP expression are not present 
in the equivalent standard POS expression. Also, the binary values that are not represented 
in the SOP expression are present in the equivalent POS expression. Therefore, to convert 
from standard SOP to standard POS, the following steps are taken: 


Step 1: Evaluate each product term in the SOP expression. That is, determine the 
binary numbers that represent the product terms. 
Step 2: Determine all of the binary numbers not included in the evaluation in Step 1. 


Step 3: Write the equivalent sum term for each binary number from Step 2 and express 
in POS form. 


Using a similar procedure, you can go from POS to SOP. 





4-7 Boolean Expressions and Truth Tables 





Converting SOP Expressions to Truth Table Format 


Recall from Section 4—6 that an SOP expression is equal to 1 only if at least one of the 
product terms is equal to 1. A truth table is simply a list of the possible combinations of 
input variable values and the corresponding output values (1 or 0). For an expression with a 
domain of two variables, there are four different combinations of those variables (2? = 4). 
For an expression with a domain of three variables, there are eight different combinations 
of those variables (2? = 8). For an expression with a domain of four variables, there are 
sixteen different combinations of those variables (2^ = 16), and so on. 

The first step in constructing a truth table is to list all possible combinations of binary 
values of the variables in the expression. Next, convert the SOP expression to standard 
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form if it is not already. Finally, place a 1 in the output column (X) for each binary value 
that makes the standard SOP expression a | and place a 0 for all the remaining binary values. 
This procedure is illustrated in Example 4—20. 


Converting POS Expressions to Truth Table Format 


Recall that a POS expression is equal to 0 only if at least one of the sum terms is equal to 
0. To construct a truth table from a POS expression, list all the possible combinations of 
binary values of the variables just as was done for the SOP expression. Next, convert the 
POS expression to standard form if it is not already. Finally, place a 0 in the output column 
(X) for each binary value that makes the expression a 0 and place a 1 for all the remaining 
binary values. This procedure is illustrated in Example 4—21. 
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Determining Standard Expressions from a Truth Table 


To determine the standard SOP expression represented by a truth table, list the binary val- 
ues of the input variables for which the output is 1. Convert each binary value to the corre- 
sponding product term by replacing each 1 with the corresponding variable and each 0 with 
the corresponding variable complement. For example, the binary value 1010 is converted 
to a product term as follows: | 


1010 —> ABCD 
If you substitute, you can see that the product term is 1: 
ABCD = 1-0°1-0=1-1-1-°1=1 


To determine the standard POS expression represented by a truth table, list the binary 
values for which the output is 0. Convert each binary value to the corresponding sum term 
by replacing each 1 with the corresponding variable complement and each 0 with the cor- 
responding variable. For example, the binary value 1001 is converted to a sum term as 
follows: 


1001 —>A+B+C+D Y 
If you substitute, you can see that the sum term is 0: 


A+B+C+D=1+0+0+1=0+0+0+0=0 
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4-8 The Karnaugh Map 


A Karnaugh map is similar to a truth table because it presents all of the possible values 
of input variables and the resulting output for each value. Instead of being organized into 
columns and rows like a truth table, the Karnaugh map is an array of cells in which each 
cell represents a binary value of the input variables. The cells are arranged in a way so 
that simplification of a given expression is simply a matter of properly grouping the cells. 
Karnaugh maps can be used for expressions with two, three, four, and five variables, but we 
will discuss only 3-variable and 4-variable situations to illustrate the principles. A discus- 
sion of 5-variable Karnaugh maps is available on the website. 

The number of cells in a Karnaugh map, as well as the number of rows in a truth table, 
is equal to the total number of possible input variable combinations. For three variables, the 
number of cells is 2? — 8. For four variables, the number of cells is 2^ — 16. 


The 3-Variable Karnaugh Map 


The 3-variable Karnaugh map is an array of eight cells, as shown in Figure 4—25(a). In this 
case, A, B, and C are used for the variables although other letters could be used. Binary 
values of A and B are along the left side (notice the sequence) and the values of C are across 


The purpose of a Karnaugh map is to 
simplify a Boolean expression. 
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» FIGURE 4-25 

A 3-variable Karnaugh map 
showing Boolean product 
terms for each cell. 


Cells that differ by only one variable 
are adjacent. 


Cells with values that differ by more 
than one variable are not adjacent. 


» FIGURE 4-26 
A 4-variable Karnaugh map. 


the top. The value of a given cell is the binary values of A and B at the left in the same row 
combined with the value of C at the top in the same column. For example, the cell in the 
upper left corner has a binary value of 000 and the cell in the lower right corner has a binary 
value of 101. Figure 4—25(b) shows the standard product terms that are represented by each 
cell in the Karnaugh map. 





The 4-Variable Karnaugh Map 


The 4-variable Karnaugh map is an array of sixteen cells, as shown in Figure 4—26(a). 
Binary values of A and B are along the left side and the values of C and D are across the 
top. The value of a given cell is the binary values of A and B at the left in the same row 
combined with the binary values of C and D at the top in the same column. For example, 
the cell in the upper right corner has a binary value of 0010 and the cell in the lower right 
corner has a binary value of 1010. Figure 4—26(b) shows the standard product terms that 
are represented by each cell in the 4-variable Karnaugh map. 


Cell Adjacency 


The cells in a Karnaugh map are arranged so that there is only a single-variable change 
between adjacent cells. Adjacency is defined by a single-variable change. In the 3-variable 
map the 010 cell is adjacent to the 000 cell, the 011 cell, and the 110 cell. The 010 cell is 
not adjacent to the 001 cell, the 111 cell, the 100 cell, or the 101 cell. 

Physically, each cell is adjacent to the cells that are immediately next to it on any of 
its four sides. A cell is not adjacent to the cells that diagonally touch any of its corners. 
Also, the cells in the top row are adjacent to the corresponding cells in the bottom row and 










01 |ABCD|ABCD|ABCD|ABCD 
ABCD|ABCD|ABCD|ABCD| 
ABCD|ABCD|ABCD|ABCD 





the cells in the outer left column are adjacent to the corresponding cells in the outer right 
column. This is called *wrap-around" adjacency because you can think of the map as wrap- 
ping around from top to bottom to form a cylinder or from left to right to form a cylinder. 
Figure 4—27 illustrates the cell adjacencies with a 4-variable map, although the same rules 
for adjacency apply to Karnaugh maps with any number of cells. 
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“Ot ; Adjacent cells on a Karnaugh 
4 | map are those that differ by 

only one variable. Arrows 

point between adjacent cells. 








The Quine-McCluskey Method 


Minimizing Boolean functions using Karnaugh maps is practical only for up to four or five 
variables. Also, the Karnaugh map method does not lend itself to be automated in the form 
of a computer program. 

The Quine-McCluskey method is more practical for logic simplification of functions 
with more than four or five variables. It also has the advantage of being easily implemented 
with a computer or programmable calculator. 

The Quine-McCluskey method is functionally similar to Karnaugh mapping, but the 
tabular form makes it more efficient for use in computer algorithms, and it also gives a way 
to check that the minimal form of a Boolean function has been reached. This method is 
sometimes referred to as the tabulation method. An introduction to the Quine-McCluskey 
method is provided in Section 4-11. 


Espresso Algorithm 


Although the Quine-McCluskey method is well suited to be implemented in a computer 
program and can handle more variables than the Karnaugh map method, the result is still 
far from efficient in terms of processing time and memory usage. Adding a variable to 
the function will roughly double both of these parameters because the truth table length 
increases exponentially with the number of variables. Functions with a large number of 
variables have to be minimized with other methods such as the Espresso logic minimizer, 
which has become the de facto world standard. An Espresso algorithm tutorial is available 
on the website. 

Compared to the other methods, Espresso is essentially more efficient in terms of reduc- 
ing memory usage and computation time by several orders of magnitude. There is essen- 
tially no restrictions to the number of variables, output functions, and product terms of a 
combinational logic function. In general, tens of variables with tens of output functions can 
be handled by Espresso. 

The Espresso algorithm has been incorporated as a standard logic function minimiza- 
tion step in most logic synthesis tools for programmable logic devices. For implementing 
a function in multilevel logic, the minimization result is optimized by factorization and 
mapped onto the available basic logic cells in the target device, such as an FPGA (Field- 
Programmable Gate Array). 
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4-9 Karnaugh Map SOP Minimization 


Mapping a Standard SOP Expression 


For an SOP expression in standard form, a 1 is placed on the Karnaugh map for each 

. product term in the expression. Each 1 is placed in a cell corresponding to the value of 
a product term. For example, for the product term ABC, a 1 goes in the 101 cell on a 
3-variable map. 

When an SOP expression is completely mapped, there will be a number of 1s on the 
Karnaugh map equal to the number of product terms in the standard SOP expression. The. 
cells that do not have a 1 are the cells for which the expression is 0. Usually, when working 
with SOP expressions, the Os are left off the map. The following steps and the illustration 
in Figure 4—28 show the mapping process. 


Step 1: Determine the binary value of each product term in the standard SOP expres- 
sion. After some practice, you can usually do the evaluation of terms mentally. 


Step 2: As each product term is evaluated, place a 1 on the Karnaugh map in the cell 
having the same value as the product term. 





» FIGURE 4-28 Pus ABC + ABC + ABC + ABC 
Example of mapping a o am «ob qwe « 00 b 
standard SOP expression. 
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Mapping a Nonstandard SOP Expression 


A Boolean expression must first be in standard form before you use a Karnaugh map. If an 
expression is not in standard form, then it must be converted to standard form by the proce- 
dure covered in Section 4—6 or by numerical expansion. Since an expression should be eval- 
uated before mapping anyway, numerical expansion is probably the most efficient approach. 


Numerical Expansion of a Nonstandard Product Term 


Recall that a nonstandard product term has one or more missing variables. For example, 
assume that one of the product terms in a certain 3-variable SOP expression is AB. This 
term can be expanded numerically to standard form as follows. First, write the binary value 
of the two variables and attach a 0 for the missing variable C: 100. Next, write the binary 
value of the two variables and attach a 1 for the missing variable C: 101. The two resulting 
binary numbers are the values of the standard SOP terms AB C and ABC. 

As another example, assume that one of the product terms in a 3-variable expression is 
B (remember that a single variable counts as a product term in an SOP expression). This 
term can be expanded numerically to standard form as follows. Write the binary value of 
the variable; then attach all possible values for the missing variables A and C as follows: 





The four resulting binary numbers are the values of the standard SOP terms ABC, 
ABC, ABC, and ABC. 
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EXAMPLE 4-25 Map the following SOP expression on a Karnaugh map: A + AB + ABC. 


Solution | NS C 

The SOP expression is obviously not in standard form because each product term does not 
have three variables. The first term is missing two variables, the second term is missing 
one variable, and the third term is standard. First expand the terms numerically as follows: 


A +AB + ABC 
000 100 110 
001 101 

010 

011 


Map each of the resulting binary values by placing a 1 in the appropriate cell of the 
3-variable Karnaugh map in Figure 4—31. 


= FIGURE 4-31 





Related Problem 
Map the SOP expression BC + AC on a Karnaugh map. 


EXAMPLE 4-26 Map the following SOP expression on a Karnaugh map: 
BC + AB + ABC + ABCD + ABCD + ABCD 
Solution | 


The SOP expression is obviously not in standard form because each product term does 
not have four variables. The first and second terms are both missing two variables, the 
third term is missing one variable, and the rest of the terms are standard. First expand the 
terms by including all combinations of the missing variables numerically as follows: `, 


BC + AB + ABC + ABCD 4 ABCD à A 

0000 1000 1100 1010 0001 LOIL 

0001 1001 1101 | : 

1000 1010 

IDOT — 1011 d e e | 
Map each of the resulting binary values by placing a 1 in the appropriate cell of the 
4-variable Karnaugh map in Figure 4-32. Notice that some of the values in the expanded 
expression are redundant. 


d 
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Karnaugh Map Simplification of SOP Expressions 


The process that results in an expression containing the fewest possible terms with the few- 
est possible variables is called minimization. After an SOP expression has been mapped, 
a minimum SOP expression is obtained by grouping the 1s and determining the minimum 
SOP expression from the map. 


Grouping the 1s 


You can group 1s on the Karnaugh map according to the following rules by enclosing those 
adjacent cells containing 1s. The goal is to maximize the size of the groups and to minimize 
the number of groups. 


1. A group must contain either 1, 2, 4, 8, or 16 cells, which are all powers of two. In the 
case of a 3-variable map, 2? = 8 cells is the maximum group. 


2. Each cell in a group must be adjacent to one or more cells in that same group, but all 
cells in the group do not have to be adjacent to each other. 


3. Always include the largest possible number of 1s in a group in accordance with rule 1. 


4. Each 1 on the map must be included in at least one group. The 1s already in a group can 
be included in another group as long as the overlapping groups include noncommon 1s. 
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Determining the Minimum SOP Expression from the Map 


When all the 1s representing the standard product terms in an expression are properly 
mapped and grouped, the process of determining the resulting minimum SOP expression 
begins. The following rules are applied to find the minimum product terms and the mini- 
mum SOP expression: 


1. Group the cells that have 1s. Each group of cells containing 1s creates one product 
term composed of all variables that occur in only one form (either uncomple- 
mented or complemented) within the group. Variables that occur both uncomple- 
mented and complemented within the group are eliminated. These are called 
contradictory variables. 


2. Determine the minimum product term for each group. 
(a) For a 3-variable map: 
(1) A 1-cell group yields a 3-variable product term 
(2) A 2-cell group yields a 2-variable product term 
(3) A 4-cell group yields a 1-variable term 
(4) An 8-cell group yields a value of 1 for the expression 
(b) For a 4-variable map: 
(1) A 1-cell group yields a 4-variable product term 
(2) A 2-cell group yields a 3-variable product term 
(3) A 4-cell group yields a 2-variable product term 
(4) An 8-cell group yields a 1-variable term 
(5) A 16-cell group yields a value of 1 for the expression 
3. When all the minimum product terms are derived from the Karnaugh map, they are 
summed to form the minimum SOP expression. 
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Mapping Directly from a Truth Table 


You have seen how to map a Boolean expression; now you will learn how to go directly 
from a truth table to a Karnaugh map. Recall that a truth table gives the output of a Boolean 
expression for all possible input variable combinations. An example of a Boolean expres- 
sion and its truth table representation is shown in Figure 4—39. Notice in the truth table that 
the output X is 1 for four different input variable combinations. The 1s in the output column 
of the truth table are mapped directly onto a Karnaugh map into the cells corresponding to 
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the values of the associated input variable combinations, as shown in Figure 4—39. In the 
figure you can see that the Boolean expression, the truth table, and the Karnaugh map are 
simply different ways to represent a logic function. 


"Don't Care" Conditions 


Sometimes a situation arises in which some input variable combinations are not allowed. 
For example, recall that in the BCD code covered in Chapter 2, there are six invalid 
combinations: 1010, 1011, 1100, 1101, 1110, and 1111. Since these unallowed states 
will never occur in an application involving the BCD code, they can be treated as “don’t 
care" terms with respect to their effect on the output. That is, for these "don't care" terms 
either a 1 or a 0 may be assigned to the output; it really does not matter since they will 
never occur. 


X = ABC + ABC + ABC + ABC 
«FIGURE 4-39 


Example of mapping directly 
from a truth table to a 
Karnaugh map. 





— m OF COO CO eK 


The “don’t care” terms can be used to advantage on the Karnaugh map. Figure 4—40 
shows that for each “don’t care” term, an X is placed in the cell. When grouping the 1s, the 
Xs can be treated as 1s to make a larger grouping or as Os if they cannot be used to advan- 
tage. The larger a group, the simpler the resulting term will be. 


“FIGURE 4-40 

Example of the use of "don't 
care" conditions to simplify an 
expression. 


A 
0 
0 
0 
0 
0 
0 
0 


-= m = O O O OQ & 


Don’t cares 





0 
1]. 
0 

1 
0 
1 


(a) Truth table (b) Without “don’t cares” Y = ABC + ABCD 
With “don’t cares” Y = A + BCD 


The truth table in Figure 4—40(a) describes a logic function that has a 1 output only 
when the BCD code for 7, 8, or 9 is present on the inputs. If the "don't cares" are used as 
Is, the resulting expression for the function is A + BCD, as indicated in part (b). If the 
“don’t cares" are not used as 1s, the resulting expression is ABC + ABCD; so you can see 
the advantage of using “don’t care" terms to get the simplest expression. 
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4-10 Karnaugh Map POS Minimization 


Mapping a Standard POS Expression 


For a POS expression in standard form, a 0 is placed on the Karnaugh map for each sum 
term in the expression. Each 0 is placed in a cell corresponding to the value of a sum term. 
For example, for the sum term A + B + C, a 0 goes in the 010 cell on a 3-variable map. 
When a POS expression is completely mapped, there will be a number of Os on the 
Karnaugh map equal to the number of sum terms in the standard POS expression. The cells 
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that do not have a 0 are the cells for which the expression is 1. Usually, when working with 
POS expressions, the 1s are left off. The following steps and the illustration in Figure 4—43 
show the mapping process. 


Step 1: Determine the binary value of each sum term in the standard POS expression. 
This is the binary value that makes the term equal to 0. 


Step 2: As each sum term is evaluated, place a 0 on the Karnaugh map in the corre- _ 
sponding cell. | 






a (A B OU & B. CA +B+ OO & B C) “FIGURE 4-43 
[p OD o wb | 101 Example of mapping a 
standard POS expression. 









Karnaugh Map Simplification of POS Expressions ? 


The process for minimizing a POS expression is basically the same as for an SOP expres- 
sion except that you group Os to produce minimum sum terms instead of grouping 1s to 
produce minimum product terms. The rules for grouping the Os are the same as those for 
grouping the 1s that you learned in Section 4—9. 
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Converting Between POS and SOP Using the Karnaugh Map 


When a POS expression is mapped, it can easily be converted to the equivalent SOP form 
directly from the Karnaugh map. Also, given a mapped SOP expression, an equivalent POS 
expression can be derived directly from the map. This provides a good way to compare 
both minimum forms of an expression to determine if one of them can be pd 
with fewer gates than the other. 

For a POS expression, all the cells that do not contain Os contain 1s, from which the SOP 
expression is derived. Likewise, for an SOP expression, all the cells that do not contain 
Is contain Os, from which the POS expression is derived. Example 4—36 illustrates this 
conversion. 
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4-11 The Quine-McCluskey Method 


Unlike the Karnaugh mapping method, Quine-McCluskey lends itself to the computer- 
ized reduction of Boolean expressions, which is its principal use. For simple expressions, 
with up to four or perhaps even five variables, the Karnaugh map is easier for most people 
because it is a graphic method. 

To apply the Quine-McCluskey method, first write the function in standard minterm 
(SOP) form. To illustrate, we will use the expression 


X = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
and represent it as binary numbers on the truth table shown in Table 4-9. The minterms that 
appear in the function are listed in the right column. 


0000 0 
0001 1 m, 
0010 0 
0011 1 m; 
0100 1 ma 
0101 1 ms 
0110 0 
0111 0 
1000 0 
1001 0 
1010 1 mio 
1011 0 
1100 1 mi2 
1101 1 mia 
1110 0 
1111 1 mis 
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The second step in applying the Quine-McCluskey method is to arrange the minterms in 
the original expression in groups according to the number of 1s in each minterm, as shown 
in Table 4—10. In this example, there are four groups of minterms. (Note that if mp had been 
in the original expression, there would be five groups.) 


<TABLE 4-10 





0011 


pe 
NEUE 
[mol 


Third, compare adjacent groups, looking to see if any minterms are the same in every 
position except one. If they are, place a check mark by those two minterms, as shown in 
Table 4—11. You should check each minterm against all others in the following group, but 
it is not necessary to check any groups that are not adjacent. In the column labeled First 
Level, you will have a list of the minterm names and the binary equivalent with an x as the 
placeholder for the literal that differs. In the example, minterm m; in Group 1 (0001) is 
identical to m3 in Group 2 (0011) except for the C position, so place a check mark by these 
two minterms and enter 00x1 in the column labeled First Level. Minterm m4 (0100) is iden- 
tical to ms (0101) except for the D position, so check these two minterms and enter 010x in 
the last column. If a given term can be used more than once, it should be. In this case, notice 
that m; can be used again with ms in the second row with the x now placed in the B position. 






m STABLE EN 


xut asd dha yerrtgth ani’ MEE, 
(mı, m3) 00x1 
(mı, ms) 0x01 


(ma, ms) 010x 


€ et Sse ae 


In Table 4—11, minterm m4 and minterm m > are identical except for the A position. Both 
minterms are checked and x100 is entered in the First Level column. Follow this proce- 
dure for groups 2 and 3. In these groups, ms and m,3 are combined and so are mj? and m3 
(notice that m > was previously used with m4 and is used again). For groups 3 and 4, both 
m3 and m5 are added to the list in the First Level column. 

In this example, minterm mọ does not have a check mark because no other minterm 
meets the requirement of being identical except for one position. This term is called an 
essential prime implicant, and it must be included in our final reduced expression. 

The terms listed in the First Level have been used to form a reduced table (Table 4—12) 
with one less group than before. The number of 1s remaining in the First Level are counted 
and used to form three new groups. 

Terms in the new groups are compared against terms in the adjacent group down. You 
need to compare these terms only if the x is in the same relative position in adjacent groups; 
otherwise go on. If the two expressions differ by exactly one position, a check mark is 
placed next to both terms as before and all of the minterms are listed in the Second Level 
list. As before, the one position that has changed is entered as an x in the Second Level. 
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(m, m3) 00x1 1 (m4, ms, m5, M13) X10x 
(mj, ms) 0x01 (m4, ms, m5, m3) X10x 
(m4, ms) 010x v 
(m4, mj) x100 v 


(ms, ma) x101 2 
(m5, m3) 110x / 


For our example, notice that the third term in Group 1 and the second term in Group 2 
meet this requirement, differing only with the A literal. The fourth term in Group 1 also can 
be combined with the first term in Group 2, forming a redundant set of minterms. One of 
these can be crossed off the list and will not be used in the final expression. 

With complicated expressions, the process described can be continued. For our exam- 
ple, we can read the Second Level expression as BC. The terms that are unchecked will 
form other terms in the final reduced expression. The first unchecked term is read as ABD. 
The next one is read as A CD. The last unchecked term is ABD. Recall that mig was an 
essential prime implicant, so is picked up in the final expression. The reduced expression 
using the unchecked terms is: 


X = BC + ABD + ACD + ABD + ABCD 












» TABLE 4-12 








Although this expression is correct, it may not be the minimum possible expression. 
There is a final check that can eliminate any unnecessary terms. The terms for the expres- 
sion are written into a prime implicant table, with minterms for each prime implicant 
checked, as shown in Table 4—13. 


» TABLE 4-13 





Prime Implicants 


BC (m4, ms, m5, M13) dde 


ABD (m, m3) / 


ACD (mı, ms) 


ABD (m3, mis) 


ABCD (mo) "rg 


If a minterm has a single check mark, then the prime implicant is essential and must 
be included in the final expression. The term ABD must be included because m5 is only 
covered by it. Likewise mọ is only covered by ABCD, so it must be in the final expression. 
Notice that the two minterms in A CD are covered by the prime implicants in the first two 
rows, so this term is unnecessary. The final reduced expression is, therefore, 


X = BC + ABD + ABD + ABCD 





1. Variable, complement, and literal are all terms used in Boolean algebra. 


2. Addition in Boolean algebra is equivalent to the OR function. 

3. Multiplication in Boolean algebra is equivalent to the NAND function. 

4. The commutative law, associative law, and distributive law are all laws in Boolean algebra. 
5. The complement of a 1 is 0. 

6. When a Boolean variable is multiplied by its complement, the result is the variable. 
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7. “The complement of a product of variables is equal to the sum of the complements of each 
variable" is a statement of DeMorgan's theorem. 


8. SOP means series of products. 
9, Karnaugh maps can be used to simplify Boolean expressions. 
10. A 4-variable Karnaugh map has eight cells. 


rs are at the end of the chapter 





1. The complement of a variable is always 
(a) 0 (b) 1 
(c) equal to the variable (d) the inverse of the variable 
2. The Boolean expression A + B + C is 
(a) a sum term (b) a literal term 
(c) a product term (d) a complemented term 
3. The Boolean expression ABCD is 
(a) a sum term (b) a product term 
(c) a literal term (d) always 1 
4. The domain of the expression ABCD + AB + CD + B is 
(a) A and D (b) B only 
(c) A, B, C, and D (d) none of these 
5. According to the commutative law of addition, 
(a) AB — BA (b) A=A+A 


() A+(B+Q=(A+B+C (d)A+B=B+A 
6. According to the associative law of multiplication, 

(a) B = BB (b) A(BC) = (AB)C 

(c) A+B=B+t+A (d) B + B(B + 0) 
7. According to the distributive law, 

(a) A(B + C) - AB + AC (b) A(BC) = ABC 


(c) AA + 1 — A (d) A+AB=A 
8. Which one of the following is not a valid rule of Boolean algebra? 
(a A+1=1 (D A—A 
(c) AA =A (d) A-0-—A 
9. Which of the following rules states that if one input of an AND gate is always 1, the output is 
equal to the other input? 
(a) A+1=1 (b) A+A=A 
(c) A‘A=A (d) A‘l1=A 
10. According to DeMorgan’s theorems, the following t equality(s) is (are) correct: 
(a) AB=A+B (b XYZ=X+Y+Z 


©) A+B+C=ABC (d) all of these 


11. The Boolean expression X = AB + CD represents 
(a) two ORs ANDed together (b) a 4-input AND gate 
(c) two ANDs ORed together (d) an exclusive-OR 


12. An example of a sum-of-products expression is. 7 - 

(a) A * BBC* D) _ (b) AB + AC + ABC 

(c) (A - B * CY(A * B * C) (d) both answers (a) and (b) 
13. An example of a product-of-sums expression is a 

(a) A(B + C) + AC (b) (A + BXA + B + C) 

(c) A+ B+ BC (d) both answers (a) and (b) 
14. An example of a standard SOP expression is —— 

(a) AB + ABC + ABD (b ABC + ACD. 

(c) AB + AB + AB (d) ABCD + AB - A 


15. A 3-variable Karnaugh map has 
(a) eight cells (b) three cells 
(c) sixteen cells (d) four cells 
16. In a 4-variable Karnaugh map, a 2-variable product term is produced by 
(a) a 2-cell group of 1s (b) an 8-cell group of 1s 
(c) a 4-cell group of 1s (d) a 4-cell group of Os 
17. The Quine-McCluskey method can be used to 


(a) replace the Karnaugh map method (b) simplify expressions with 5 or more variables 
(c) both (a) and (b) (d) none of the above 
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PROBLEMS mi s "Answers to odd-numbered problems are at the end of the book. 





Section 4-1 Boolean Operations and Expressions 


1. Using Boolean notation, write an expression that is a 1 whenever one or more of its variables 
(A, B, C, and D) are 1s. 


2. Write an expression that is a 1 only if all of its variables (A, B, C, D, and E) are 1s. 
3. Write an expression that is a 1 when one or more of its variables (A, B, and C) are Os. 
4. Evaluate the following operations: 

(a) 0+0+1 DU 1-1. T1 (c) 1:0*0 


(d) 1 1*1 (e) 1*0*1 ( 1°-1+0°-1°1 
5. Find the values of the variables that make each product term 1 and each sum term 0. 
(a) AB (b) ABC () A+B (d A+B+C 
(9) A+B+C ( A+B (g ABC 
6. Find the value of X for all possible values of the variables. 
(a) X — (A - B.C * B (b) X — (A * B)C (c) X = ABC + AB 
(d) X = (A + BXA + B) (e) X = (A + BOYB + C) 


Section 4-2 Laws and Rules of Boolean Algebra 

7. Identify the law of Boolean algebra upon which each of the following equalities is based: 
(a) AB + CD + ACD + B = B + AB + ACD + CD 
(b) ABCD + ABC = DCBA + CBA 
(c) AB(CD + EF + GH) = ABCD + ABEF + ABGH 

8. Identify the Boolean rule(s) on which each of the following equalities is based: 
(a) AB + CD + EF = AB + CD + EF (b) AAB + ABC + ABB = ABC 
(c) A(BC + BC) + AC = A(BC) + AC (d) AB(C + C) + AC = AB + AC 
(e) AB + ABC = AB (f) ABC + AB + ABCD = ABC + AB + D 


Section 4-3 DeMorgan’s Theorems 


9. Apply DeMorgan’s theorems to each expression: 





(a) A+B (b) AB () A+B+C (d) ABC 

(e A(B + C) ( AB - CD  (g) AB * CD (h) (A + BXC + D) 
10. Apply DeMorgan's theorems to each expression: 

(a) AB(C + D) (b) AB(CD + EF) 


(c) (A- B- C - D - ABCD (d) (A+B + C + D(ABCD) 
(e) AB(CD + EF(AB + CD) 

11. Apply DeMorgan's theorems to the following: 
(a) (ABC(EFG) + (HIJ(KLM) (b) (A + BC + CD) + BC 
(c) (A + BC + DE + FXG + H) 


Section 4-4 Boolean Analysis of Logic Circuits 
12. Write the Boolean expression for each of the logic gates in Figure 4—48. 


» FIGURE 4-48 A —E5- ; i -D> " à jj» x B 3 >- x 
oe? B d 
(a) (b) (c) (d) 


13. Write the Boolean expression for each of the logic circuits in Figure 4—49. 


A A 
A . A 
B . B X B 
ED Ta zm » TO 
C x B C 4 
(c) (d) 


(a) (b) 
4 FIGURE 4-49 
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14. Draw the logic circuit represented by each of the following expressions: 


(a) A+B+C (b) ABC 
(c) AB - C (d) AB + CD 

15. Draw the logic circuit represented by each expression: 
(a) AB + AB- (b AB - AB -- ABC _ 
(c) AB(C + D) (d) A+ BIC + D(B + C)] 


16. (a) Draw a logic circuit for the case where the output, ENABLE, is LOW only if the inputs, 
ASSERT and READY, are both HIGH. 


(b) Draw a logic circuit for the case where the output, HOLD, is LOW only if the input, 
LOAD, is HIGH and the input, READY, is LOW. 


17. Develop the truth table for each of the circuits in Figure 4—50. 


RTS 
ENABLE 


» FIGURE 4-50 







SEND 





(a) (b) 


18. Construct a truth table for each of the following Boolean expressions: 


(a) A+B (b) AB (c) AB + BC 
(d) (A + B)C (e) (A + BYB + C) 


Section 4-5 Logic Simplification Using Boolean Algebra 

19. Using Boolean algebra techniques, simplify the following expressions as much as possible: 
(a) A(A + B) (b) AA + AB) . — (c) BC + BC 
(d) A(A + AB) (e) ABC + ABC + ABC 

20. Using Boolean algebra, simplify the following expressions: 
(a) (A+ BXA + C) (b) AB + ABC + ABCD + ABCDE 
(c) AB + ABC + A (d) (A + A)(AB + ABC) 
(e) AB + (A + B)C + AB 

21. Using Boolean algebra, simplify each expression: 
(a) BD + B(D + E) + D(D + F) (b) ABC + (A + B + C) + ABCD 
(c) (B + BOB + BCYB + D) (d) ABCD + AB(CD) + (AB)CD 
(e ABC[AB + C(BC + AC)] 

22. Determine which of the logic circuits in Figure 4—51 are equivalent. 


» FIGURE 4-51 C 


Di 


w G 9 





(c) (d) 
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Section 4-6 Standard Forms of Boolean Expressions 
23. Convert the following expressions to sum-of-product (SOP) forms: 

(a) (A + BXC + B) (b) (A + BO)C (c) (A + CAB + AC) 
24. Convert the following expressions to sum-of-product (SOP) forms: 


(a) AB + CD(AB+ CD) (b) AB(BC + BD) (c) A + B[AC + (B + OD] 
25. Define the domain of each SOP expression in Problem 23 and convert the expression to stand- 
ard SOP form. 


26. Convert each SOP expression in Problem 24 to standard SOP form. 

27. Determine the binary value of each term in the standard SOP expressions from Problem 25. 
28. Determine the binary value of each term in the standard SOP expressions from Problem 26. 
29. Convert each standard SOP expression in Problem 25 to standard POS form. 

30. Convert each standard SOP expression in Problem 26 to standard POS form. 


Section 4-7 Boolean Expressions and Truth Tables 
31. Develop a truth table for each of the following standard SOP expressions: 
(a) ABC + ABC + ABC (b) XYZ + XYZ + XYZ + XYZ + XYZ 
32. Develop a truth table for each of the following standard SOP expressions: 
" (a) ABCD + ABCD + ABCD + ABCD 
(b) WXYZ + WXYZ + WXYZ + WXYZ + WXYZ 
33. Develop a truth table for each of the SOP expressions: 
(a) AB + ABC + AC + ABC (b) X + YZ + WZ + XYZ 
34. Develop a truth table for each of the standard POS expressions: 
(a) (A *- B - C(A * B * CYA * B * C) 
(b (A--B-C-«- D(A-B*-C- D(A- B-C D(A-B* C D) 
35. Develop a truth table for each of the standard POS expressions: 
(a) (A + BXA + O(A +B + C) 
(b) (A + BA - B - C(B - C - D(A*- B* C * D) 
36. For each truth table in Table 4—14, derive a standard SOP and a standard POS expression. 








» TABLE 4-14 ABC. _ABCD 

000 l 0000 | 0 

0001 | 1 0001] 0 

0010] 0 0010] 1 

0011]| 1 0011) 0 

0100] 0 0100 | 1 

0101 | 1 0101 | 1 

ee — 0110) 1 0110] 0 
ase Da D" 011110 0111 1 
000 | 0 000 | 0 1000] 0 1000 | 0 
001 | 1 001 | 0 1001] 1 1001] 0 
010 | 0 010 | 0 1010] 0 1010] 0 
O11] 0 011 |0 1011]|0 1011] 1 
100 | 1 100 | 0 1100 | 1 1100 | 1 
101 | 1 EULI 1101710 1101] 0 
110 | 0 110 | 1 1110] 0 111010 
UST y EET Ps 1111/0 E137 44 


(a) (b) (c) (d) 


Section 4-8 The Karnaugh Map 

37. Draw a 3-variable Karnaugh map and label each cell according to its binary value. 
38. Draw a 4-variable Karnaugh map and label each cell according to its binary value. 
39. Write the standard product term for each cell in a 3-variable Karnaugh map. 
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Section 4-9 Karnaugh Map SOP Minimization 
40. Use a Karnaugh map to find the minimum SOP form for each expression: 
(a) ABC + ABC + ABC (b) AC(B + C) 
(c) A(BC + BC) + A(BC + BC) (d) ABC + ABC + ABC + ABC 
41. Use a Karnaugh map to simplify each expression to a minimum SOP form: 
(a) ABC + ABC + ABC + ABC (b) AC[B + B(B + ©) 
(c) DEF + DEF + DEF 
42. Expand each expression to a standard SOP form: 
(a) AB + ABC + ABC (b) A + BC 
(c) ABCD + ACD + BCD + ABCD (d) AB + ABCD + CD + BCD + ABCD 
43. Minimize each expression in Problem 42 with a Karnaugh map. 
44. Use a Karnaugh map to reduce each expression to a minimum SOP form: 
(a) A+ BC + CD | 
(b) ABCD + ABCD + ABCD + ABCD 
(c) AB(CD + CD) + AB(CD + CD) + ABCD 
(d) (AB + ABY(CD + CD) 
(e) AB + AB + CD + CD 
45. Reduce the function specified in truth Table 4—15 to its minimum SOP form by using a 
Karnaugh map. 


46. Use the Karnaugh map method to implement the minimum SOP expression for the logic 
function specified in truth Table 4-16. 


47. Solve Problem 46 for a situation in which the last six binary combinations are not allowed. 


Y TABLE 4-15 Y TABLE 4-16 
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Section 4-10 Karnaugh Map POS Minimization 
48. Use a Karnaugh map to find the minimum POS for each expression: 
(a) (A+B+04+B+0A4+B+0 
(b) (X + YY(X + Z(X * V+ Z(X t Y 9 Z) 
(c) AB+ OYA * CYA * B * CYA * B * C) 
49. Use a Karnaugh map to simplify each expression to minimum POS form: 
(a) (A - B-- C - D(A- B- C - D(A- B- C * D) 
(b) (X + YYW - Z(X - Y - ZIW-X - Y 4 Z) 
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S0. For the function specified in Table 4—15, determine the minimum POS expression using a 
Karnaugh map. 

51. Determine the minimum POS expression for the function in Table 4—16. 

52. Convert each of the following POS expressions to minimum SOP expressions using a 
Karnaugh map: 
(a) (A+ BYA * CYA * B * C) 
(b) (A + BXA + B+ CB + C+ DXA +B + C+D) 


Section 4-11 The Quine-McCluskey Method 
53. List the minterms in the expression 
X = ABC + ABC + ABC + ABC + ABC 
54. List the minterms in the expression 
X = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
55. Create a table for the number of 1s in the minterms for the expression in Problem 54 (similar to 
Table 4—10). 
56. Create a table of first level minterms for the expression in Problem 54 (similar to Table 4-11). 
57. Create a table of second level minterms for the expression in Problem 54 (similar to Table 4—12). 
58. Create a table of prime implicants for the expression in Problem 54 (similar to Table 4—13). 
59. Determine the final reduced expression for the expression in Problem 54. 
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SECTION 
Section 4-1 Boolean Operations and Expressions 
1.A=0=1 
2A=1,B=1,C=0;A+B+C=1+1+0=0+0+0=0 
3. A = 1,B = 0,C = 1;ABC=1-0-1=1-1-1= 





Section 4-2 Laws and Rules of Boolean Algebra 
1A+(B+C+D)=(A+Bt+QO+D 
2. A(B + C + D) = AB + AC + AD 


Section 4-3 DeMorgan’s Theorems 
1. (a) ABC+(D+E)=A+B+C+DE (b) (A+ BC=AB+C 
() A+B+C+DE=ABC+D+E 


Section 4—4 Boolean Analysis of Logic Circuits 
1. (C * DB * A 


2. Abbreviated truth table: The expression is a 1 when A is 1 or when B and C are 1s or when B 
and D are 1s. The expression is O for all other variable combinations. 


Section 4-5 Logic Simplification Using Boolean Algebra 
1. (a) A + AB + ABC — A. (b) (A+ B)C + ABC = C(A + B) 
(c) ABC(BD + CDE) + AC = A(C + BDE) 
2. (a) Original: 2 AND gates, 1 OR gate, 1 inverter; Simplified: No gates (straight connection) 
(b) Original: 2 OR gates, 2 AND gates, | inverter; Simplified: 1 OR gate, 1 AND gate, 1 inverter 
(c) Original: 5 AND gates, 2 OR gates, 2 inverters; Simplified: 2 AND gates, 1 OR gate, 
2 inverters 


Section 4-6 Standard Forms of Boolean Expressions 
1. (a SOP (b) standard POS (c) standard SOP (d) POS 
2. (a) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
(c) Already standard 
3. (b) Already standard 
(d) (A - B - C(A * B * CYA * B * CYA * B * C) 
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Section 4-7 Boolean Expressions and Truth Tables 
1.25 =32 2. 0110 —> WxYZ 3.1100 —> W+X+Y+Z 


Section 4-8 The Karnaugh Map 


1. (a) upper left cell: 000 (b) lower right cell: 101 
(c) lower left cell: 100 (d) upper right cell: 001 

2. (a) upper left cell: XYZ (b) lower right cell: XYZ 
(c) lower left cell: XYZ (d) upper right cell: XYZ 

3. (a) upper left cell: 0000 (b) lower right cell: 1010 
(c) lower left cell: 1000 (d) upper right cell: 0010 

4. (a) upper left cell: WXYZ (b) lower right cell: WXYZ 
(c) lower left cell: WXYZ (d) upper right cell: WXYZ 


Section 4-9 Karnaugh Map SOP Minimization 
1. 8-cell map for 3 variables; 16-cell map for 4 variables 
2. AB + BC + ABC 
3. (a) ABC + ABC + ABC + ABC 
(b) ABC + ABC + ABC + ABC + ABC + ABC 
(c) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
(d) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + 
ABCD + ABCD + ABCD 
Section 4-10 Karnaugh Map POS Minimization 


1. In mapping a POS expression, Os are placed in cells whose value makes the standard sum term 
zero; and in mapping an SOP expression 1s are placed in cells having the same values as the 
product terms. 


2. Oin the lOllcel: A +B+C+D 
3. 1 in the 0010 cell: ABCD 


Section 4-11 The Quine-McCluskey Method 


1. A minterm is a product term in which each variable appears once, either complemented or 
uncomplemented. 


2. An essential prime implicant is a product term that cannot be further simplified by combining 
with other terms. 


RELATED PROBLEMS FOR EXAMPLES 
4-1 A- B— 0 when A = 1 and B = 0. 

4-2 AB — | when A = O and B = 0. 

4-3 XYZ 

4-4 W+X+Y+Z 

4-5 ABCDE 

4-6 (A+B + CD)E 

4-7 ABCD=A+B+C+D 

4-8 Results should be same as example. 

4-9 AB 

4-10 CD 

4-11 ABC + AC + AB 

412A+B+C 

4-13 Results should be same as example. 

4-14 ABC + AB + AC + AB + BC 

4-15 WXYZ + WXYZ + WXYZ + WXYZ + WXYZ + WXYZ 
4-16 011, 101, 110, 010, 111. Yes 
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4-17 (A * B * CYA * B * CYA * B * CYA * B 4 C) 
4—18 010, 100, 001, 111, 011. Yes 

4—19 SOP and POS expressions are equivalent. 

4-20 See Table 4-17. 

4-21 See Table 4-18. 





Y TABLE 4-17 Y TABLE 4-18 
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- 4—22 The SOP and POS expressions are equivalent. 
4—23 See Figure 4—52. 
4-24 See Figure 4—53. 





4 FIGURE 4-52 4 FIGURE 4-53 


4—25 See Figure 4—54. 
4—26 See Figure 4—55. 





4 FIGURE 4-54 


4-27 No other ways 

4-28 X = B + AC + ACD + CD 
4-29 X = D + ABC + BC + AB 
4300=X+Y 

4-31 Q = XYZ + WXZ + WYZ 


ELS Digital Fundamentals, Eleventh Edition 


4—32 See Figure 4—56. 
4—33 See Figure 4—57. 





A FIGURE 4-56 A FIGURE 4-57 


4-34 (X + YYX + ZIX + Y ^ Z) 
4-35 X -Y - ZI:W -X - ZO: - X -Y - ZW - X * Y 6 Z) 
4-36 YZ + XZ + WY + XYZ 


TRUE/FALSE QUIZ 
1. T 2. T 3. F 4. T s. T 6. F 
Ted 8. F 9. T 10. F 


SELF-TEST 
1. (d) 2. (a) 3. (b) 4. (c) 5. (d) 6. (b) 
8. (b) 9. (d) 10. (d) 1. (c) 12. (b) 13. (b) 
15. (a) 16. (c) 17. (c) 


7. (a) 
14. (c) 
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CHAPTER OUTLINE 


5-1 Basic Combinational Logic Circuits 5-4 Combinational Logic Using NAND and 
5-2 Implementing Combinational Logic NOR Gates 
5-3 The Universal Property of NAND and 5-5 Pulse Waveform Operation 

NOR Gates 


5-1 Basic Combinational Logic Circuits 


AND-OR Logic 
AND-OR logic produces an SOP Figure 5-1(a) shows an AND-OR circuit consisting of two 2-input AND gates and one 
expression. 2-input OR gate; Figure 5—1(b) is the ANSI standard rectangular outline symbol. The Boolean 


expressions for the AND gate outputs and the resulting SOP expression for the output X are 
shown on the diagram. In general, an AND-OR circuit can have any number of AND gates, 
each with any number of inputs. 

The truth table for a 4-input AND-OR logic circuit is shown in Table 5-1. The interme- 
diate AND gate outputs (the AB and CD columns) are also shown in the table. 





MultiSim 
» FIGURE 5-1 b A SOP 
An example of AND-OR logic. B 


Open file FO5-01 to verify the 
operation. A multisim tutorial 
is available on the website. 


; = : 
B 
X AB + CD 
X 
C 
D 


(a) Logic diagram (ANSI standard distinctive (b) ANSI standard rectangular outline symbol 
shape symbols) 
» TABLE 5-1 
Truth table for the AND-OR 
logic in Figure 5-1. 
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An AND-OR circuit directly implements an SOP expression, assuming the complements 
(if any) of the variables are available. The operation of the AND-OR circuit in Figure 5-1 
is stated as follows: 


For a 4-input AND-OR logic circuit, the output X is HIGH (1) if both input A and 
input B are HIGH (1) or both input C and input D are HIGH (1). 





AND-OR-Invert Logic 


When the output of an AND-OR circuit is complemented (inverted), it results in an AND-OR- 
Invert circuit. Recall that AND-OR logic directly implements SOP expressions. POS expres- 
sions can be implemented with AND-OR-Invert logic. This is illustrated as follows, starting 
with a POS expression and developing the corresponding AND-OR-Invert (AOI) expression. 


X = (A + BYC + D) = (AB(CD) = (AB(CD) = AB + CD = AB + CD 


The logic diagram in Figure 5—3(a) shows an AND-OR-Invert circuit with four inputs 
and the development of the POS output expression. The ANSI standard rectangular outline 
symbol is shown in part (b). In general, an AND-OR-Invert circuit can have any number of 
AND gates, each with any number of inputs. 





The operation of the AND-OR-Invert circuit in Figure 5—3 is stated as follows: 


For a 4-input AND-OR-Invert logic circuit, the output X is LOW (0) if both input 
A and input B are HIGH (1) or both input C and input D are HIGH (1). 


A truth table can be developed from the AND-OR truth table in Table 5-1 by simply chang- 
ing all 1s to Os and all Os to 1s in the output column. 
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» FIGURE 5-3 F 
An AND-OR-Invert circuit ; pe ep a pdt 5 
produces a POS output. h 
Open file F05-03 to verify the È 
operation. MultiSim D 
3$ (a) 








Exclusive-OR Logic 
The XOR gate is actually a The exclusive-OR gate was introduced in Chapter 3. Although this circuit is considered a 
combination of other gates. type of logic gate with its own unique symbol, it is actually a combination of two AND 


gates, one OR gate, and two inverters, as shown in Figure 5—5(a). The two ANSI standard 
exclusive-OR logic symbols are shown in parts (b) and (c). 


» FIGURE 5-5 
Exclusive-OR logic diagram 
and symbols. Open file F05- 
05 to verify the operation. 





D . H8 
X X 
B B 


(a) Logic diagram (b) ANSI distinctive (c) ANSI rectangular 
shape symbol outline symbol 
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The output expression for the circuit in Figure 5-5 is 
X = AB + AB 
Evaluation of this expression results in the truth table in Table 5-2. Notice that the output — * TABLE 5-2 
is HIGH only when the two inputs are at opposite levels. A special exclusive-OR opera- Truth table for an exclusive-OR. 


tor @ is often used, so the expression X = AB + AB can be stated as “X is equal to A 
exclusive-OR B" and can be written as 


X=AQ@B 


Exclusive-NOR Logic 





As you know, the complement of the exclusive-OR function is the exclusive-NOR, which 
is derived as follows: 


X = AB + AB = (AB) (AB) = (A + BA + B) = AB + AB 


Notice that the output X is HIGH only when the two inputs, A and B, are at the same level. 

The exclusive-NOR can be implemented by simply inverting the output of an exclusive- 
OR, as shown in Figure 5—6(a), or by directly implementing the expression AB + AB, as 
shown in part (b). 


“FIGURE 5-6 


Two equivalent ways of 
implementing the exclusive- 
NOR. Open files F05-06 (a) 
and (b) to verify the operation. 


(a) X - AB + AB -AB : = 
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5-2 Implementing Combinational Logic 


For every Boolean expression there 
is a logic circuit, and for every logic 
circuit there is a Boolean expression. 


From a Boolean Expression to a Logic Circuit 
Let's examine the following Boolean expression: 


X = AB + CDE 


A brief inspection shows that this expression is composed of two terms, AB and CDE, 


with a domain of five variables. The first term is formed by ANDing A with B, and the 
second term is formed by ANDing C, D, and E. The two terms are then ORed to form the 
output X. These operations are indicated in the structure of the expression as follows: 


wm 


Note that in this particular expression, the AND operations forming the two individual 


terms, AB and CDE, must be performed before the terms can be ORed. 


To implement this Boolean expression, a 2-input AND gate is required to form the term 
AB, and a 3-input AND gate is needed to form the term CDE. A 2-input OR gate is then 
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required to combine the two AND terms. The resulting logic circuit is shown in Figure 5—9. 
As another example, let's implement the following expression: 


X = AB(CD + EF) 





A AB 
B 
X = AB + CDE < FIGURE 5-9 
C Logic circuit for X = AB + CDE. 
j^ CDE 


A breakdown of this expression shows that the terms AB and (CD + EF) are ANDed. 
The term CD + EF is formed by first ANDing C and D and ANDing E and F, and 
then ORing these two terms. This structure is indicated in relation to the expression as 
follows: 


AND 


NOT 
| qoM 
X = AB(CD + EF) 


| 5x DES AND 


Before you can implement the final expression, you must create the sum term CD 4 EF 
but before you can get this term; you must create the product terms CD and EF; but before 
you can get the term CD, you must create D. So, as you can see, the logic operations must 


be done in the proper order. i ; 
The logic gates required to implement X = AB(CD + EF) are as follows: 


1. One inverter to form D 

2. Two 2-input AND gates to form CD and EF 
3. One 2-input OR gate to form CD + EF 

4. One 3-input AND gate to form X 


The logic circuit for this expression is shown in Figure 5-10(a). Notice that there is a 
maximum of four gates and an inverter between an input and output in this circuit (from 
input D to output). Often the total propagation delay time through a logic circuit is a major 
consideration. Propagation delays are additive, so the more gates or inverters between input 
and output, the greater the propagation delay time. 

Unless an intermediate term, such as CD + EF in Figure 5—10(a), is required as an out- 
put for some other purpose, it is usually best to reduce a circuit to its SOP form in order to 
reduce the overall propagation delay time. The expression is converted to SOP as follows, 
and the resulting circuit is Shown in Figure 5—10(b). 


AB(CD + EF) = ABCD + ABEF 


A 
B 
C 


X = AB(CD + EF) 


X =ABCD + ABEF 





E 
F 


E (b) Sum-of-products implementation of the circuit in part (a) 


(a) 


4 FIGURE 5-10 
Logic circuits for X = AB(CD + EF) = ABCD + ABEF. 
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» TABLE 5-3 
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From a Truth Table to a Logic Circuit 


If you begin with a truth table instead of an expression, you can write the SOP expression 
from the truth table and then implement the logic circuit. Table 5-3 specifies a logic function. 

The Boolean SOP expression obtained from the truth table by ORing the product terms 
for which X = 1 is 

X = ABC + ABC 

The first term in the expression is formed by ANDing the three variables A, B, and C. The 
second term is formed by ANDing the three variables A, B, and C. 

The logic gates required to implement this expression are as follows: three inverters to 
form the A, B, and C variables; two 3-input AND gates to form the terms ABC and ABC; 


and one 2-input OR gate to form the final output function, ABC + ABC. 
The implementation of this logic function is illustrated in Figure 5-11. 


» FIGURE 5-11 

Logic circuit for X= ABC + ABC. 

Open file F05-11 to verify the 
tion. 

operation MultiSim 


€ 


S 


X = ABC + ABC 
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5-3 The Universal Property of NAND and NOR Gates 


The NAND Gate as a Universal Logic Element 


The NAND gate is a universal gate because it can be used to produce the NOT, the AND, Combinations of NAND gates can be 
the OR, and the NOR functions. An inverter can be made from a NAND gate by connecting used to produce any logic function. 
all of the inputs together and creating, in effect, a single input, as shown in Figure 5-18(a) 

for a 2-input gate. An AND function can be generated by the use of NAND gates alone, 

as shown in Figure 5-18(b). An OR function can be produced with only NAND gates, as 

illustrated in part (c). Finally, a NOR function is produced as shown in part (d). 





` *FIGURE 5-18 
Universal application of NAND- 
gates. Open files F05-18(a), 
(b), (c), and (d) to verify each 
of the equivalencies. 


MultiSim 


t 





(d) Four NAND gates used as a NOR gate 
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Combinations of NOR gates can be 
used to produce any logic function. 


» FIGURE 5-19 

Universal application of NOR 
gates. Open files F05-19(a), 
(b), (c), and (d) to verify each 
of the equivalencies. 


MultiSim 


~a 


WS 


In Figure 5—18(b), a NAND gate is used to invert (complement) a NAND output to form 
the AND function, as indicated in the following equation: 


X = AB = AB 


In Figure 5—18(c), NAND gates G; and G, are used to invert the two input variables 
before they are applied to NAND gate G3. The final OR output is derived as follows by 
application of DeMorgan’s theorem: 


X=AB=A+B 


In Figure 5-18(d), NAND gate G; is used as an inverter connected to the circuit of part (c) 
to produce the NOR operation A + B. 


The NOR Gate as a Universal Logic Element 


Like the NAND gate, the NOR gate can be used to produce the NOT, AND, OR, and 
NAND functions. A NOT circuit, or inverter, can be made from a NOR gate by connecting 
all of the inputs together to effectively create a single input, as shown in Figure 5—19(a) 
with a 2-input example. Also, an OR gate can be produced from NOR gates, as illustrated 
in Figure 5—19(b). An AND gate can be constructed by the use of NOR gates, as shown in 
Figure 5—19(c). In this case the NOR gates G; and G, are used as inverters, and the final 
output is derived by the use of DeMorgan's theorem as follows: 


X —A * B — AB 
Figure 5-19(d) shows how NOR gates are used to form a NAND function. 
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(b) Two NOR gates used as an OR gate 





(d) Four NOR gates used as a NAND gate 
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5-4 Combinational Logic Using NAND and NOR Gates 
NAND Logic 


As you have learned, a NAND gate can function as either a NAND or a negative-OR 
because, by DeMorgan's theorem, 


AB=A+B 
NAND MSS oed T 


Consider the NAND logic in Figure 5-20. The output expression is developed in the 
following steps: 





negative-OR 


X = (AB)(CD) 

= (A + BYC + D) 
(A + B) + (C+D) 
=AB+CD 
= AB + CD 


«FIGURE 5-20 
NAND logic for X = AB + CD. 





As you can see in Figure 5—20, the output expression, AB + CD, is in the form of two 
AND terms ORed together. This shows that gates G5? and G3 act as AND gates and that 
gate G, acts as an OR gate, as illustrated in Figure 5—21(a). This circuit is redrawn in 
part (b) with NAND symbols for gates G2 and G3 and a negative-OR symbol for gate G4. 

Notice in Figure 5-21(b) the bubble-to-bubble connections between the outputs of 
gates G and G; and the inputs of gate G,. Since a bubble represents an inversion, two 
connected bubbles represent a double inversion and therefore cancel each other. This 
inversion cancellation can be seen in the previous development of the output expres- 
sion AB + CD and is indicated by the absence of barred terms in the output expres- 
sion. Thus, the circuit in Figure 5—21(b) is effectively an AND-OR circuit, as shown in 
Figure 5-21 (c). 






[^y IC BOND] 4 FIGURE 5-21 
| | 
| Development of the AND-OR 

A a in 
B equivalent of the circuit in 
x Sw Figure 5-20. 
D | | 
l i ^ G, acts as OR = 

| 


——— G4 acts as AND — 


(a) Original NAND logic diagram showing effective 
gate operation relative to the output expression 





AB + CD 


SH we 





(b) Equivalent NAND/Negative-OR logic diagram (c) AND-OR equivalent 
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NAND Logic Diagrams Using Dual Symbols 


All logic diagrams using NAND gates should be drawn with each gate represented by 
either a NAND symbol or the equivalent negative-OR symbol to reflect the operation of the 
gate within the logic circuit. The NAND symbol and the negative-OR symbol are called 
dual symbols. When drawing a NAND logic diagram, always use the gate symbols in such 
a way that every connection between a gate output and a gate input is either bubble-to- 
bubble or nonbubble-to-nonbubble. In general, a bubble output should not be connected to 
a nonbubble input or vice versa in a logic diagram. 

Figure 5—22 shows an arrangement of gates to illustrate the procedure of using the 
appropriate dual symbols for a NAND circuit with several gate levels. Although using all 
NAND symbols as in Figure 5—22(a) is correct, the diagram in part (b) is much easier to 
“read” and is the preferred method. As shown in Figure 5—22(b), the output gate is repre- 
sented with a negative-OR symbol. Then the NAND symbol is used for the level of gates 
right before the output gate and the symbols for successive levels of gates are alternated as 
you move away from the output. 


» FIGURE 5-22 A 
Illàstration of the use of the 
appropriate dual symbols in a 
NAND logic diagram. 





Š 






CD) + EF 
+EF 
+C)D + EF 
+C)D+EF 


m 
| s: 


ion 
Š 


(a) Several Boolean steps are required to arrive at final output expression. 





(b) Output expression can be obtained directly from the function of each gate symbol in the diagram. 


The shape of the gate indicates the way its inputs will appear in the output expression 
and thus shows how the gate functions within the logic circuit. For a NAND symbol, the 
inputs appear ANDed in the output expression; and for a negative-OR symbol, the inputs 
appear ORed in the output expression, as Figure 5—22(b) illustrates. The dual-symbol dia- 
gram in part (b) makes it easier to determine the output expression directly from the logic 
diagram because each gate symbol indicates the relationship of its input variables as they 


appear in the output expression. 
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NOR Logic 
A NOR gate can function as either a NOR or a negative-AND, as shown by DeMorgan’s theorem. 
A+B=AB 


NOR zii quT qr rua negative-AND 


«4 FIGURE 5-26 
X 2 (A B(C +D) NOR logic for X= (A + B(C + D). 





"o y > 


Consider the NOR logic in Figure 5-26. The output expression is developed as follows: 
X — A t B t C *t D — (A+ BYC + D) — (A * B)C + D) 


As you can see in Figure 5—26, the output expression (A + B)(C + D) consists of two 
OR terms ANDed together. This shows that gates G and G4 act as OR gates and gate G4 
acts as an AND gate, as illustrated in Figure 5—27(a). This circuit is redrawn in part (b) with 
a negative-AND symbol for gate G4. 


Chapter 5 Combinational Logic Analysis | 163 | 


» FIGURE 5-27 


o0 & > 
aAa ww» 





(a) (b) 


NOR Logic Diagram Using Dual Symbols 


As with NAND logic, the purpose for using the dual symbols is to make the logic diagram 
easier to read and analyze, as illustrated in the NOR logic circuit in Figure 5-28. When the 
circuit in part (a) is redrawn with dual symbols in part (b), notice that all output-to-input 
connections between gates are bubble-to-bubble or nonbubble-to-nonbubble. Again, you 
can see that the shape of each gate symbol indicates the type of term (AND or OR) that it 

produces in the output expression, thus making the output expression easier to determine 
and the logic diagram easier to analyze. 


» FIGURE 5-28 

Illustration of the use of the 
appropriate dual symbols in a 
NOR logic diagram. 


A+B+C+D+E+F 
=(A+B+C+D\E+F) 
~ (A+B+C+D\E+F) 
-= (AX B)C + DXE +F) 

((A 4 B)C + DXE +F) 





a 


[(A 4- B)C  DKE +F) 
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5-5 Pulse Waveform Operation 


The operation of any gate is the same regardless of whether its inputs are pulsed or 
constant levels. The nature of the inputs (pulsed or constant levels) does not alter the truth 
table of a circuit. The examples in this section illustrate the analysis of combinational logic 
circuits with pulse waveform inputs. 

The following is a review of the operation of individual gates for use in analyzing com- 
binational circuits with pulse waveform inputs: 


1. The output of an AND gate is HIGH only when all inputs are HIGH at the same 
time. 


2. The output of an OR gate is HIGH only when at least one of its inputs is HIGH. 


3. The output of a NAND gate is LOW only when all inputs are HIGH at the same 


4. The output of a NOR gate is LOW only when at least one of its inputs is HIGH. 
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Solution 


All the intermediate waveforms and the final output waveform are shown in the timing 
diagram of Figure 5—34(c). 


Related Problem 


Determine the waveforms Y 1, Y2, Y3, Y4 and X if input waveform A is inverted. 


EXAMPLE 5-15 


Determine the output waveform X for the circuit in Example 5-14, Figure 5—34(a), directly from the output expression. 


Solution 


The output expression for the circuit is developed in Figure 5-35. The SOP form indicates that the output is HIGH when A 
is LOW and C is HIGH or when B is LOW and C is HIGH or when C is LOW and D is HIGH. 


X 2 (A3 BC - CD 2 (A - BC 4 CD - AC 4 BC & CD 


A FIGURE 5-35 


The result is shown in Figure 5-36 and is the same as the one obtained by the intermediate-waveform method in Example 
5-14. The corresponding product terms for each waveform condition that results in a HIGH output are indicated. 


» FIGURE 5-36 


X¥=AC+BC+OD 


Related Problem 
Repeat this example if all the input waveforms are inverted. 


SECTION 5-5 1. One pulse with ty = 50 us is applied to one of the inputs of an exclusive-OR cir- 
CHECKUP | cuit. A second positive pulse with ty = 10 ys is applied to the other input beginning 
15 us after the leading edge of the first pulse. Show the output in relation to the 
inputs. A 
2. The pulse waveforms A and B in Figure 5-31 are applied to the exclusive-NOR cir- 
cuit in Figure 5-32. Develop a complete timing diagram. 
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SELF-TEST 


10. 


Answers are at the end of the chapter. 
. AND-OR logic can have only two 2-input AND gates. 
. AOI is an acronym for AND-OR-Invert. 
. If the inputs of an exclusive-OR gate are the same, the output is HIGH (1). 

. If the inputs of an exclusive-NOR gate are different, the output is LOW (0). 





A parity generator can be implemented using exclusive-OR gates. 


Answers are at the end of the chapter. 
1. 


. NAND gates cannot be used to produce the OR function. 

. NOR gates can be used to produce the AND function. 

. Any SOP expression can be implemented using only NAND gates. 
. The dual symbol for a NAND gate is a negative-AND symbol. 

. Negative-OR is equivalent to NAND. 


The output expression for an AND-OR circuit having one AND gate with inputs A, B, C, and D 


and one AND gate with inputs E and F is 
(a) ABCDEF 
(c) (A - B - C - DE +F) 


(a) two AND gates and one OR gate 


OUA-MB^CTDE-ETF 
(d) ABCD + EF 


. A logic circuit with an output X = ABC + AC consists of 


(b) two AND gates, one OR gate, and two inverters 
(c) two OR gates, one AND gate, and two inverters 
(d) two AND gates, one OR gate, and one inverter 


(a) one AND gate 
(c) three AND gates and four inverters 


. The expression ABCD + ABCD + AB CD 


(a) cannot be simplified bie. m 
(c) can be simplified to ABCD + ABC 


. To implement the expression ABCD + ABCD + ABC D, it takes one OR gate and 


(b) three AND gates 
(d) three AND gates and three inverters 


(b) can be simplified to ABC + AB 
(d) None of these answers is correct. 


. The output expression for an AND-OR-Invert circuit having one AND gate with inputs, A, B, 


C, and D and one AND gate with inputs E and F is 


(a) ABCD + EF 
(co) A + B-- C + DXE + F) 


. An exclusive-OR function is expressed as 


(a) A B + AB 
(c) (A + BXA + B) 


. The AND operation can be produced with 


(a) two NAND gates 
(c) one NOR gate 


. The OR operation can be produced with 


(a) two NOR gates 
(c) four NAND gates 


. When using dual symbols in a logic diagram, 


(D A+B+C+D+E+F 
(d) (A B 4 C * DXE ^ F) 
(b) AB + AB 

(d) (A + B) + (A + B) 


(b) three NAND gates 
(d) three NOR gates 


(b) three NAND gates 
(d) both answers (a) and (b) 


(a) bubble outputs are connected to bubble inputs 
(b) the NAND symbols produce the AND operations 
(c) the negative-OR symbols produce the OR operations 


(d) All of these answers are true. 
(e) None of these answers is true. 


All Boolean expressions can be implemented with 


(a) NAND gates only 
(b) NOR gates only 
(c) combinations of NAND and NOR gates 


(d) combinations of AND gates, OR gates, and inverters 


(e) any of these 


168 | Digital Fundamentals, Eleventh Edition 


: nsv ers to odd-numbered problems are at the end of the book. 





Section 5-1 Basic Combinational Logic Circuits 


1. Draw the ANSI distinctive shape logic diagram for a 3-wide, 4-input AND-OR-Invert circuit. 
Also draw the ANSI standard rectangular outline symbol. 


2. Write the output expression for each circuit in Figure 5-37. 


A 
B 
A 
uM Y 
B X 
D 
C 
(a) (b) 


À FIGURE 5-37 


3. Write the output expression for each circuit as it appears in Figure 5-38. 


A ; A A 
X X B 
(c) 


(a) (b) c 
A 
A B 
A B 
" 
B 
X X 
C 
m 
(d) (e) (f) 
à FIGURE 5-38 


4. Write the output expression for each circuit as it appears in Figure 5—39 and then change each 
circuit to an equivalent AND-OR configuration. 


5. Develop the truth table for each circuit in Figure 5-38. 
6. Develop the truth table for each circuit in Figure 5—39. 
7. Show that an exclusive-NOR circuit produces a POS output. 


A 
A 
B 
B 
X C X 
e 
D D 
(a) (b) 
A A 
B 
B X 
C X 
D C 
E D 


(c) (d) 
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A 
B 
, C 
s D 
C X E a 
D F 
E G 
(e) H 
(f) 
À FIGURE 5-39 


Section 5-2 Implementing Combinational Logic 


8. Develop an AND-OR-Invert logic circuit for a power saw that removes power (logic 0) if the 
guard is not in place (logic 0) and the switch is on (logic 1) or the switch is on and the motor is 
too hot (logic 1). 


9, An AOI (AND-OR-Invert) logic chip has two 4-input AND gates connected to a 2-input NOR 
gate. Write the Boolean expression for the circuit (assume the inputs are labeled A through H). 


10. Use AND gates, OR gates, or combinations of both to implement the following logic expres- 
sions as stated: 


(a) X — AB 

(b) X=A+B 

(o) X —- AB- C 

(d) X = ABC + D 

() X=A+B+C 

( X — ABCD 

(g X = A(CD + B) 

(h) X = AB(C + DEF) + CE(A + B + F) 


11. Use AND gates, OR gates, and inverters as needed to implement the following logic expres- 
sions as stated: 


(a) X = AB + BC 
(b) X = A(B + C) 
(c) X = AB + AB 
(d) X = ABC + B(EF + G) 
(e) X = A[BC(A + B + C + D)] 
(f X = B(CDE + EFGYAB + C) 
12. Use NAND gates, NOR gates, or combinations of both to implement the following logic 
expressions as stated: 


(a) X = AB + CD + (A + B(ACD + BE) 
(b) X = ABCD + DEF + AF 
(c) X = A[B + C(D + E) 
13. Implement a logic circuit for the truth table in Table 5-6. 


» TABLE 5-6 








— m O = O =- O m= f 


——oco--ooc 
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14. Implement a logic circuit for the truth table in Table 5-7. 


» TABLE 5-7 














(E je mà pw jd WM mi CÓC Cc 0 00 OC C 
mm CQ CO m - COD =m OOF KH OO 
Seat spontono n a 
= O O O m m u KH OO Orr eK OO 


15. Simplify the circuit in Figure 5—40 as much as possible, and verify that the simplified circuit is 
equivalent to the original by showing that the truth tables are identical. 


16. Repeat Problem 15 for the circuit in Figure 5—41. 


A A 
r B 
X 
C X 
C 


A FIGURE 5-40 À FIGURE 5-41 


17. Minimize the gates required to implement the functions in each part of Problem 11 in SOP form. 


18. Minimize the gates required to implement the functions in each part of Problem 12 in SOP 
form. 


19. Minimize the gates required to implement the function of the circuit in each part of Figure 
5-39 in SOP form. 


Section 5-3 The Universal Property of NAND and NOR Gates 
20. Implement the logic circuits in Figure 5-37 using only NAND gates. 

21. Implement the logic circuit in Figure 5-41 using only NAND gates. 

22. Repeat Problem 20 using only NOR gates. 

23. Repeat Problem 21 using only NOR gates. 


Section 5-4 Combinational Logic Using NAND and NOR Gates 

24. Show how the following expressions can be implemented as stated using only NOR gates: 
(a) X — ABC E (b X=ABC  (0OX-A-B 
(d X=A+B+C _ (e) X=AB+CD (f) X=(A+ BYC + D) 
(g) X = AB[C(DE + AB) + BCE] 

25. Repeat Problem 24 using only NAND gates. 

26. Implement each function in Problem 10 by using only NAND gates. 


27. Implement each function in Problem 11 by using only NAND gates. 
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Section 5-5 Pulse Waveform Operation 


28. Given the logic circuit and the input waveforms in Figure 5-42, draw the output waveform. 


» FIGURE 5-42 Aic ear AGT aga aS aer A F7 A 
X 
eS LIIF EErEE 
29. For the logic circuit in Figure 5—43, draw the output waveform in proper relationship to the 
inputs. 
A 

» FIGURE 5-43 A | l | | 

B j " 

foL Laes| Lees 


30. For the input waveforms in Figure 5—44, what logic circuit will generate the output waveform 
shown? 


» FIGURE 5-44 i ERLT E CS Er LF bi f i 
R ee S b uf | l I E 


> FIGURE 5-45 A epe pere pa —rL 


32. For the circuit in Figure 5—46, draw the waveforms at the numbered points in the proper rela- 
tionship to each other. 


» FIGURE 5-46 AT 





am DA d > 


33. Assuming a propagation delay through each gate of 10 nanoseconds (ns), determine if the 
desired output waveform X in Figure 5-47 (a pulse with a minimum tw = 25 ns positioned as 
shown) will be generated properly with the given inputs. 


r1 100 ns pulse width 





m OA 5 > 


— A abe ee a 
" = 


25 ns minimum 


4 FIGURE 5-47 
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SECTION CHECKUPS 
Section 5-1 Basic Combinational Logic Circuits 
1. (a) AB- CD=1-0+1-0=1 (b AB+CD=1-1+4+0-1=0 
() AB+ CD=0-1+1-1=0 
2. (a) AB+AB=1-0+1-0=1 (b) AB+AB=1-1+1-1=0 
() AB+AB=0°1+0-1=1 (d) AB-AB—0-0-0-0-0 
3. X = 1 when ABC = 000, 011, 101, 110, and 111; X = 0 when ABC = 001, 010, and 100 


4. X = AB + AB; the circuit consists of two AND gates, one OR gate, and two inverters. See 
Figure 5—6(b) for diagram. 


Section 5-2 Implementing Combinational Logic 
1. (a) X = ABC + AB + AC: three AND gates, one OR gate 
(b) X = AB(C + DE): three AND gates, one OR gate 
2. X = ABC + ABC; two AND gates, one OR gate, and three inverters 
3. (a) X = AB(C + 1) + AC = AB + AC 
(b) X = AB(C + DE) = ABC + ABDE 


Section 5-3 The Universal Property of NAND and NOR Gates 
1. (a) X = A + B: a2-input NAND gate with A and B on its inputs. 


(b) X — AB: a2-input NAND with A and B on its inputs, followed by one NAND used as an 
inverter. 


2. (a) X = A + B: a2-input NOR with inputs A and B, followed by one NOR used as an 
inverter. 


(b) X — AB:a 2-input NOR with A and B on its inputs. 


Section 5-4 Combinational Logic Using NAND and NOR Gates 


1. X = (A + B + C)DE: a 3-input NAND with inputs, A, B, and C, with its output connected to 
a second 3-input NAND with two other inputs, D and E 


2. X = ABC + (D + E): a3-input NOR with inputs A, B, and C, with its output connected to a 
second 3-input NOR with two other inputs, D and E 


Section 5-5 Pulse Waveform Operation 


1. The exclusive-OR output is a 15 us pulse followed by a 25 us pulse, with a separation of 10 js 
between the pulses. 


2. The output of the exclusive-NOR is HIGH when both inputs are HIGH or when both inputs are 
LOW. 


RELATED PROBLEMS FOR EXAMPLES 
5-1 X = AB + AC + BC 
5-2 X= AB + AC + BC 


IfA = 0andB = 0,X =0°0+0-1+0°1 
IfA = 0andC = 0,X =0°1+0-0+1°-0 
IfB = OandC = 0,X = 1°0+1-0+0:0 


Ü 1 
0 =1 
021 


5-3 Determine the even-parity output for all 16 input combinations. Each combination should 
have an even number of 1s including the parity bit. 


5-4 Apply codes with odd number of 1s and verify output is 1. 
5-5 Cannot be simplified 

5-6 Cannot be simplified 

5-7 X=A+B+C+ Dis valid. 
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5-8 SeeFigure 5-48 


» FIGURE 5-48 A 
B * E d 
X 2 € (A * B((B +D) 
D 
C 
5-9 X = (ABC)(DEF) = (AB)C + (DE)F = (A + B)C + (D + E)F 
5-10 See Figure 5—49. 
» FIGURE 5-49 A 
A C 
E Cx o. dm 
ABC + DE D ABC +D+E 
D 
E E 


(a) (b) 


5-11 X=(At+B+QO+(Dt+E+F/ =At+Bt+OD+E+F =(AB+O(DE+F) 
5-12 See Figure 5-50. 
5-13 See Figure 5-51. 


À FIGURE 5-50 4 FIGURE 5-51 


5-14 See Figure 5-52. 
S-15 See Figure 5-53. 


ITE PR F3 01 r7 
n LETT LII Er wee PL 
aE LH C EPL 
finest Lt 14 Se eratum 
A FIGURE 5-52 4 FIGURE 5-53 


TRUE/FALSE QUIZ 
LF 2T ZF 4T £&T 
KF TI ET SF MF 


SELF-TEST 
1. (d) 2. (b) 3. (6) 4.(a) 5d  6.(b  7.(a 8 (d) 
9. (d) 10. (e) 
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6-1 Half and Full Adders 6-6 Encoders 

6-2 Parallel Binary Adders 6-7 Code Converters 

6-3 Ripple Carry and Look-Ahead Carry Adders 6-8 Multiplexers (Data Selectors) 
6-4 Comparators 6-9  Demultiplexers 

6-5 Decoders 6-10 Parity Generators/Checkers 


6-1 Half and Full Adders 


The Half-Adder 


Recall the basic rules for binary addition as stated in Chapter 2. 


0+0= 0 
0+1= 1 
1+0= 1 
1+1= 10 


The operations are performed by a logic circuit called a half-adder. 


The half-adder accepts two binary digits on its inputs and produces two binary 
digits on its outputs—a sum bit and a carry bit. 


A half-adder is represented by the logic symbol in Figure 6-1. 


Sum 


Input bits Outputs 





Half-Adder Logic 


From the operation of the half-adder as stated in Table 6—1, expressions can be derived for 
the sum and the output carry as functions of the inputs. Notice that the output carry (Cout) 
is a 1 only when both A and B are 1s; therefore, Cout can be expressed as the AND of the 
input variables. 


Cour = AB Equation 6-1 


Now observe that the sum output (È) is a 1 only if the input variables, A and B, are not 
equal. The sum can therefore be expressed as the exclusive-OR of the input variables. 


Z-—AGB Equation 6—2 


A half-adder adds two bits and 
produces a sum and an output carry. 


MultiSim 
«FIGURE 6-1 y 
Logic symbol for a half-adder. 
Open file F06-01 to verify 
operation. A multisim tutorial 
is available on the website. 


Y TABLE 6-1 
Half-adder truth table. 





2 = sum 
Cout = Output carry 
A and B = input variables (operands) 
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» FIGURE 6-2 
Half-adder logic diagram. 


A full-adder has an input carry while 
the half-adder does not. 


» FIGURE 6-3 
Logic symbol for a full-adder. 
Open file FO6-03 to verify 


operation. MultiSim 
S- 
b 


» TABLE 6-2 
Full-adder truth table. 


From Equations 6-1 and 6-2, the logic implementation required for the half-adder func- 
tion can be developed. The output carry is produced with an AND gate with A and B on the 
inputs, and the sum output is generated with an exclusive-OR gate, as shown in Figure 6-2. 
Remember that the exclusive-OR can be implemented with AND gates, an OR gate, and 
inverters. 


X-AQOB-AB-AB 


C 


B out m AB 


The Full-Adder 
The second category of adder is the full-adder. 


The full-adder accepts two input bits and an input carry and generates a sum output 
and an output carry. 


The basic difference between a full-adder and a half-adder is that the full-adder accepts an 
input carry. A logic symbol for a full-adder is shown in Figure 6-3, and the truth table in 
Table 6—2 shows the operation of a full-adder. 


Input Sum 
bits 
Output carry 
Input carry 








— m ee OCC lS. 
_—__— COOK = © c 
= Of OrYf- OK © 
M i i Oe CO OC © 
—-—oo-o--o 





Cin = input carry, sometimes designated as CI 


Cout = Output carry, sometimes designated as CO 
> = sum 
A and B = input variables (operands) 


Full-Adder Logic 


The full-adder must add the two input bits and the input carry. From the half-adder you 
know that the sum of the input bits A and B is the exclusive-OR of those two variables, 
A CD B. For the input carry (Cin) to be added to the input bits, it must be exclusive-ORed 
with A @ B, yielding the equation for the sum output of the full-adder. 


= = (A ® B) ® Cin Equation 6-3 


ent the full-adder sum function, two 2-input exclusive-OR gates 
t generate the term A @ B, and the second has as its inputs the 
€ and the input carry, as illustrated in Figure 6—4(a). 
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This means that to implement the full-adder sum function, two 2-input exclusive-OR gates 
can be used. The first must generate the term A CD B, and the second has as its inputs the 
output of the first XOR gate and the input carry, as illustrated in Figure 6—4(a). 








X- (A60 B) Cn 


(A 6 BC, 
A 


AGB Coy = AB + (A 9 B)C, 
B 
C. E-(AOB)OC, 
(a) Logic required to form the sum of three bits (b) Complete logic circuit for a full-adder (each half-adder is enclosed 
by a shaded area) 
A FIGURE 6-4 MultiSim 
Full-adder logic. Open file FO6-04 to verify operation. ~o 


The output carry is a 1 when both inputs to the first XOR gate are 1s or when both inputs 
to the second XOR gate are Is. You can verify this fact by studying Table 6-2. The output 
carry of the full-adder is therefore produced by input A ANDed with input B and A ® B 
ANDed with Cin. These two terms are ORed, as expressed in Equation 6—4. This function 
is implemented and combined with the sum logic to form a complete full-adder circuit, as 
shown in Figure 6—4(b). 


Cout = AB + (AG B)Cin Equation 6-4 


Notice in Figure 6—4(b) there are two half-adders, connected as shown in the block 
diagram of Figure 6—5(a), with their output carries ORed. The logic symbol shown in Fig- 
ure 6—5(b) will normally be used to represent the full-adder. 


Half-adder Half-adder 
4FIGUREGS — 00 0— 
Sum x : : 
(A 6 B) € Cn Full-adder implemented with 
half-adders. 






(A @ B)C;, 


L3 Output carry, Cout 


AB + (A 6 B)C;, 





(a) Arrangement of two half-adders to form a full-adder (b) Full-adder logic symbol 
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6-2 Parallel Binary Adders 


As you learned in Section 6-1, a single full-adder is capable of adding two 1-bit num- 
bers and an input carry. To add binary numbers with more than one bit, you must use 
additional full-adders. When one binary number is added to another, each column gener- 
ates a sum bit and a 1 or 0 carry bit to the next column to the left, as illustrated here with 
2-bit numbers. 


[SM Carry bit from right column. \ 


In this case, the rR 
carry bit from 
second column 
becomes a sum bit. 





To add two binary numbers, a full-adder (FA) is required for each bit in the numbers. So 
for 2-bit numbers, two adders are needed; for 4-bit numbers, four adders are used; and so 
on. The carry output of each adder is connected to the carry input of the next higher-order 
adder, as shown in Figure 6-7 for a 2-bit adder. Notice that either a half-adder can be used 
for the least significant position or the carry input of a full-adder can be made 0 (grounded) 
because there is no carry input to the least significant bit position. 

In Figure 6—7 the least significant bits (LSB) of the two numbers are represented by A, 
and Bı. The next higher-order bits are represented by A» and B». The three sum bits are 
£j, 22, and 23. Notice that the output carry from the left-most full-adder becomes the 
most significant bit (MSB) in the sum, 23. 


Ea Digital Fundamentals, Eleventh Edition 


A5 


General format, addition 
of two 2-bit numbers: 
A5A, 
+ BB l 


ZI, 





B; 


A, B, 





* FIGURE 6-7 

Block diagram of a basic 2-bit 
parallel adder using two full- 
adders. Open file F06-07 to 
verify operation. 





Four-Bit Parallel Adders 


A group of four bits is called a nibble. A basic 4-bit parallel adder is implemented with 
four full-adder stages as shown in Figure 6—9. Again, the LSBs (A, and B) in each number 
being added go into the right-most full-adder; the higher-order bits are applied as shown 
to the successively higher-order adders, with the MSBs (A4 and B4) in each number being 
applied to the left-most full-adder. The carry output of each adder is connected to the carry 
input of the next higher-order adder as indicated. These are called internal carries. 


Ay B; Aj B, A, B; 





(a) Block diagram 


A FIGURE 6-9 
A 4-bit parallel adder. 





EN 
Binary 2 | 4-bit 
number A 3 WE: i sum 
1 \ 
Binary 2 
number B 3 
4 
Input es Output 
carry carry 
(b) Logic symbol 
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In keeping with most manufacturers’ data sheets, the input labeled Co is the input carry 
to the least significant bit adder; C4, in the case of four bits, is the output carry of the most 
significant bit adder; and E; (LSB) through 24 (MSB) are the sum outputs. The logic 
symbol is shown in Figure 6—9(b). 

In terms of the method used to handle carries in a parallel adder, there are two types: 
the ripple carry adder and the carry look-ahead adder. These are discussed in Section 6-3. 


Truth Table for a 4-Bit Parallel Adder 


Table 6-3 is the truth table for a 4-bit adder. On some data sheets, truth tables may be called 

function tables or functional truth tables. The subscript n represents the adder bits and 
can be 1, 2, 3, or 4 for the 4-bit adder. C,,..; is the carry from the previous adder. Carries 
Cı, Cz, and C3 are generated internally. Co is an external carry input and C4 is an output. 
Example 6-3 illustrates how to use Table 6-3. 


» TABLE 6-3 
Truth table for each stage of a 
4-bit parallel adder. 


- 
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-oo0-5.o0- = om 


——-—-—-o000o0[*€* 
lom due ow co Á SS B 





180 | Digital Fundamentals, Eleventh Edition 


IMPLEMENTATION: 4-BIT PARALLEL ADDER 


Fixed-Function Device The 74HC283 and the 74LS283 are 4-bit parallel adders with 


identical package pin configurations. The logic symbol and package pin configuration are 
shown in Figure 6—10. Go to ti.com for data sheet information. 


Vec 


(a) Pin diagram (b) Logic symbol 


å FIGURE 6-10 
Cascading of two 4-bit adders to form an 8-bit adder. 





Adder Expansion 


The 4-bit parallel adder can be expanded to handle the addition of two 8-bit numbers by Adders can be expanded to handle 
using two 4-bit adders. The carry input of the low-order adder (Co) is connected to ground more bits by cascading. 

because there is no carry into the least significant bit position, and the carry output of the 

low-order adder is connected to the carry input of the high-order adder, as shown in Fig- 

ure 6-11. This process is known as cascading. Notice that, in this case, the output carry is 

designated Cg because it is generated from the eighth bit position. The low-order adder is 

the one that adds the lower or less significant four bits in the numbers, and the high-order 

adder is the one that adds the higher or more significant four bits in the 8-bit numbers. 

Similarly, four 4-bit adders can be cascaded to handle two 16-bit numbers. 


Bg B; Be Bs Ag A5 Ag As B, B, B. B, A, A, A) A, 


432143216|1 





Cg Ly 27 Zo Ls X4 2X3 £o È] 


4 FIGURE 6-11 
The 74HC283/74LS283 4-bit parallel adder. 
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An Application b: 


An example of full-adder and parallel adder application is a simple voting system that 
can be used to simultaneously provide the number of “yes” votes and the number of “no” 
votes. This type of system can be used where a group of people are assembled and there is 
a need for immediately determining opinions (for or against), making decisions, or voting 
on certain issues or other matters. 

In its simplest form, the system includes a switch for “yes” or “no” selection at each 
position in the assembly and a digital display for the number of yes votes and one for the 
number of no votes. The basic system is shown in Figure 6—13 for a 6-position setup, but it 
can be expanded to any number of positions with additional 6-position modules and addi- 
tional parallel adder and display circuits. : 

In Figure 6-13 each full-adder can produce the sum of up to three votes. The sum 
and output carry of each full-adder then goes to the two lower-order inputs of a parallel 
binary adder. The two higher-order inputs of the parallel adder are connected to ground 
(0) because there is never a case where the binary input exceeds 0011 (decimal 3). For 
this basic 6-position system, the outputs of the parallel adder go to a BCD-to-7-segment 
decoder that drives the 7-segment display. As mentioned, additional circuits must be 
included when the system is expanded. 
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NO 





330 Q resistors (typical) 


À FIGURE 6-13 
A voting system using full-adders and parallel binary adders. 





The resistors from the inputs of each full-adder to ground assure that each input is LOW 
when the switch is in the neutral position (CMOS logic is used). When a switch is moved 
to the “yes” or to the “no” position, a HIGH level (Vcc) is applied to the associated full- 


adder input. 
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6-3 Ripple Carry and Look-Ahead Carry Adders 


The Ripple Carry Adder 


A ripple carry adder is one in which the carry output of each full-adder is connected to 
the carry input of the next higher-order stage (a stage is one full-adder). The sum and the 
output carry of any stage cannot be produced until the input carry occurs; this causes a time 
delay in the addition process, as illustrated in Figure 6-14. The carry propagation delay 
for each full-adder is the time from the application of the input carry until the output carry 
Occurs, assuming that the A and B inputs are already present. 


» FIGURE 6-14 Xr "Sin hos dm. 
A 4-bit parallel ripple carry 
adder showing “worst-case” 
carry propagation delays. 





Full-adder 1 (FA1) cannot produce a potential output carry until an input carry is 
applied. Full-adder 2 (FA2) cannot produce a potential output carry until FA1 produces 
an output carry. Full-adder 3 (FA3) cannot produce a potential output carry until an output 
carry is produced by FA1 followed by an output carry from FA2, and so on. As you can 
see in Figure 6—14, the input carry to the least significant stage has to ripple through all the 
adders before a final sum is produced. The cumulative delay through all the adder stages is 
a “worst-case” addition time. The total delay can vary, depending on the carry bit produced 
by each full-adder. If two numbers are added such that no carries (0) occur between stages, 
the addition time is simply the propagation time through a single full-adder from the appli- 
cation of the data bits on the inputs to the occurrence of a sum output; however, worst-case 
addition time must always be assumed. 


The Look-Ahead Carry Adder 


The speed with which an addition can be performed is limited by the time required for the 
carries to propagate, or ripple, through all the stages of a parallel adder. One method of speed- 
ing up the addition process by eliminating this ripple carry delay is called look-ahead carry 
addition. The look-ahead carry adder anticipates the output carry of each stage, and based on 
the inputs, produces the output carry by either carry generation or carry propagation. 

Carry generation occurs when an output carry is produced (generated) internally by 
the full-adder. A carry is generated only when both input bits are 1s. The generated carry, 
C,, is expressed as the AND function of the two input bits, A and B. 


C, — AB Equation 6—5 


Carry propagation occurs when the input carry is rippled to become the output carry. 
An input carry may be propagated by the full-adder when either or both of the input bits are 
Is. The propagated carry, Cp, is expressed as the OR function of the input bits. 


Cp =A+B Equation 6—6 


The conditions for carry generation and carry propagation are illustrated in Figure 6-15. 
The three arrowheads symbolize ripple (propagation). 
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4FIGURE 6-15 

Illustration of conditions for 
carry generation and carry 
propagation. | 





‘ay p. 


Generated agated carry/ Propagated Propagated 
carry Generated carry carry carry 


The output carry of a full-adder can be expressed in terms of both the generated carry 
(C,) and the propagated carry (Cp). The output carry (Cout) is a 1 if the generated carry is 
a 1 OR if the propagated carry is a 1 AND the input carry (Cin) is a 1. In other words, we 
get an output carry of 1 if it is generated by the full-adder (A = 1 AND B = 1) or if the 
adder propagates the input carry (A = 1 OR B = 1) AND Cin = 1. This relationship is 
expressed as 


Cour = Cy + CpCin Equation 6-7 


Now let’s see how this concept can be applied to a parallel adder, whose individual 
stages are shown in Figure 6—16 for a 4-bit example. For each full-adder, the output carry is 
dependent on the generated carry (C,), the propagated carry (Cp), and its input carry (Cin). 
The C, and C, functions for each stage are immediately available as soon as the input bits 
A and B and the input carry to the LSB adder are applied because they are dependent only 
on these bits. The input carry to each stage is the output carry of the previous stage. 


A, B; A, B, A; B, A, Bj 


«FIGURE 6-16 

Carry generation and carry 
propagation in terms of the 
input bits to a 4-bit adder. 


Cini 





Cours 


Cout3 Cour Cou 
Full-adder 4 Full-adder 3 Full-adder 2 Full-adder 1 
C4 = A,B, Co = A4B4 C = A,B, C, = A,B, 
Cp4 = A4 + B4 Cp3 = A3 + B3 Cp = A2 + By Cpi =A, + B, 


Based on this analysis, we can now develop expressions for the output carry, Cout» of 
each full-adder stage for the 4-bit example. 


Full-adder 1: 
Coui = C, + CpiCini 


Full-adder 2: 


Cim = Cou 
Cou2 = Cg? + Cp2Cin = Cg2 + Cp2Cowi = Cg2 + CpX(Cg1 + CpiCini) 
= Cg + Cp2Cg1 + Cp CpiCin 


Full-adder 3: 


Cin = Coun 
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Cours = Cg3 + Cp3Cin3 = Cg3 + Cp3Cou2 = Cg3 + Cp3(Cg2 + Cp2Cgi + Cp2Cp1Ćini) 
= Cg Á Cp Cg2 + Cp3Cp2Cg1 - Cp3Cp2CpiCini 


Full-adder 4: 
Cin4 = Cout3 
Cours = Coa + CoaCing = Cog + CosCours 
= Cea + Cp4(Cg3 + Cp3Cgo T Cp3Cp2Cg1 + Cp3Cp2C pi Cin) 
= Cat CpaC 93 T CpaCp3Cg2 + Cp4Cp3Cp2C gi T Cp4Cp3Cp2CpiCini 


Notice that in each of these expressions, the output carry for each full-adder stage is 
dependent only on the initial input carry (Cin), the C, and C, functions of that stage, and 
the C, and C, functions of the preceding stages. Since each of the C, and C, functions can 
be expressed in terms of the A and B inputs to the full-adders, all the output carries are 
immediately available (except for gate delays), and you do not have to wait for a carry to 
ripple through all the stages before a final result is achieved. Thus, the look-ahead carry 
technique speeds up the addition process. 

The Cout equations are implemented with logic gates and connected to the full-adders to 
create a 4-bit look-ahead carry adder, as shown in Figure 6-17. 


A; Bj A, B, Aj Bj 





£, (MSB) X, Y, Ej(LSB) 


å FIGURE 6-17 
Logic diagram for a 4-stage look-ahead carry adder. 


Combination Look-Ahead and Ripple Carry Adders 


As with most fixed-function IC adders, the 74HC283 4-bit adder that was introduced in 
Section 6—2 is a look-ahead carry adder. When these adders are cascaded to expand their 
capability to handle binary numbers with more than four bits, the output carry of one adder 
is connected to the input carry of the next. This creates a ripple carry condition between 
the 4-bit adders so that when two or more 74HC283s are cascaded, the resulting adder is 
actually a combination look-ahead and ripple carry adder. The look-ahead carry operation 
is internal to each MSI adder and the ripple carry feature comes into play when there is a 
carry out of one of the adders to the next one. 
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6-4 Comparators 
Equality 


As you learned in Chapter 3, the exclusive-NOR gate can be used as a basic comparator 
because its output is a 0 if the two input bits are not equal and a | if the input bits are equal. 
Figure 6-18 shows the exclusive-NOR gate as a 2-bit comparator. 


0 "E 1 

oL] D The input bits are equal. o] 3e—o The input bits are not equal. 
0 l ; i 

1 D The input bits are not equal. D) Dn The input bits are equal. 


A FIGURE 6-18 
Basic comparator operation. 


In order to compare binary numbers containing two bits each, an additional exclusive- 
NOR gate is necessary. The two least significant bits (LSBs) of the two numbers are com- 
pared by gate G4, and the two most significant bits (MSBs) are compared by gate G», as 
shown in Figure 6-19. If the two numbers are equal, their corresponding bits are the same, 
and the output of each exclusive-NOR gate is a 1. If the corresponding sets of bits are not 
equal, a 0 occurs on that exclusive-NOR gate output. 





«FIGURE 6-19 
X4 Logic diagram for equality 
HIGH indicates equality. N comparison of two 2-bit 
numbers. Open file F06-19 to 
verify operation. 
General format: Binary number A — A,A, MultiSim 
Binary number B — BB, YY 


In order to produce a single output indicating an equality or inequality of two numbers, 
an AND gate can be combined with XNOR gates, as shown in Figure 6—19. The output of 
each exclusive-NOR gate is applied to the AND gate input. When the two input bits for 
each exclusive-NOR are equal, the corresponding bits of the numbers are equal, producing 
a 1 on both inputs to the AND gate and thus a 1 on the output. When the two numbers are 
not equal, one or both sets of corresponding bits are unequal, and a 0 appears on at least 
one input to the AND gate to produce a 0 on its output. Thus, the output of the AND gate A comparator determines if two 
indicates equality (1) or inequality (0) of the two numbers. Example 6-5 illustrates this binary numbers are equal or 
operation for two specific cases. | unequal. 
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As you know from Chapter 3, the basic comparator can be expanded to any number of 
bits. The AND gate sets the condition that all corresponding bits of the two numbers must 
be equal if the two numbers themselves are equal. 


Inequality 


In addition to the equality output, fixed-function comparators can provide additional out- 
puts that indicate which of the two binary numbers being compared is the larger. That is, 
there is an output that indicates when number A is greater than number B (A > B) and an 
output that indicates when number A is less than number B (A < B), as shown in the logic 
symbol for a 4-bit comparator in Figure 6-21. 

To determine an inequality of binary numbers A and B, you first examine the highest- 





A FIGURE 6-21 order bit in each number. The following conditions are possible: 
Logic symbol ed a 4-bit 1. If A; = 1 and B} = 0, number A is greater than number B. 
comparator with inequality 2. If Az = O and B4 = 1, number A is less than number B. 


Topo 3. If A4 = B3, then you must examine the next lower bit position for an inequality. 

These three operations are valid for each bit position in the numbers. The general pro- 
cedure used in a comparator is to check for an inequality in a bit position, starting with 
the highest-order bits (MSBs). When such an inequality is found, the relationship of the 
two numbers is established, and any other inequalities in lower-order bit positions must be 
ignored because it is possible for an opposite indication to occur; the highest-order indica- 
tion must take precedence. 
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IMPLEMENTATION: 4-BIT MAGNITUDE COMPARATOR 


Fixed-Function Device The 74HC85/74LS85 pin diagram and logic symbol are 
shown in Figure 6-23. Notice that this device has all the inputs and outputs of the 
generalized comparator previously discussed and, in addition, has three cascading 
inputs: A < B, A = B, A> B. These inputs allow several comparators to be cascaded 
for comparison of any number of bits greater than four. To expand the comparator, 
the A < B, A = B, and A > B outputs of the lower-order comparator are connected 
to the corresponding cascading inputs of the next higher-order comparator. The low- 
est-order comparator must have a HIGH on the A = B input and LOWs on the A < B 
and A > B inputs. 


Cascading x Duitputs 
inputs 


Vec(16), GND(8) 
(a) Pin diagram (b) Logic symbol 


À FIGURE 6-23 
The 74HC85/74LS85 4-bit magnitude comparator. 
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Most CMOS devices contain protection circuitry to guard against damage from high static voltages or 
electric fields. However, precautions must be taken to avoid applications of any voltages higher than 
. maximum rated voltages. For proper operation, input and output voltages should be between ground 
. and Veç. Also, remember that unused inputs must always be connected to an appropriate logic level 
. (ground or Vcc). Unused outputs may be left open. ; 











6-5 Decoders 


The Basic Binary Decoder 


Suppose you need to determine when a binary 1001 occurs on the inputs of a digital cir- 
cuit. An AND gate can be used as the basic decoding element because it produces a HIGH 
output only when all of its inputs are HIGH. Therefore, you must make sure that all of the 
inputs to the AND gate are HIGH when the binary number 1001 occurs; this can be done 
by inverting the two middle bits (the Os), as shown in Figure 6-25. 


X= A3A2AjAo 





(a) 


À FIGURE 6-25 
Decoding logic for the binary code 1001 with an active-HIGH output. 


The logic equation for the decoder of Figure 6—25(a) is developed as illustrated in Figure 
6—25(b). You should verify that the output is 0 except when Ao = 1, A, = 0, A; = 0, and 
A3 = 1 are applied to the inputs. Ap is the LSB and A; is the MSB. Jn the representation of 
a binary number or other weighted code in this book, the LSB is the right-most bit in a hori- 
zontal arrangement and the topmost bit in a vertical arrangement, unless specified otherwise. 

If a NAND gate is used in place of the AND gate in Figure 6-25, a LOW output will 
indicate the presence of the proper binary code, which is 1001 in this case. 
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The 4-Bit Decoder 


In order to decode all possible combinations of four bits, sixteen decoding gates are 
required (2^ = 16). This type of decoder is commonly called either a 4-line-to-16-line 
decoder because there are four inputs and sixteen outputs or a /-of-16 decoder because for 
any given code on the inputs, one of the sixteen outputs is activated. A list of the sixteen 
binary codes and their corresponding decoding functions is given in Table 6—4. 


Y TABLE 6-4 
Decoding functions and truth table for a 4-line-to-16-line (1-of-16) decoder with active- 
LOW outputs. 
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If an active-LOW output is required for each decoded number, the entire decoder can be 
implemented with NAND gates and inverters. In order to decode each of the sixteen binary 
codes, sixteen NAND gates are required (AND gates can be used to produce active-HIGH 
outputs). 

A logic symbol for a 4-line-to-16-line (1-0f-16) decoder with active-LOW outputs is 
shown in Figure 6—27. The BIN/DEC label indicates that a binary input makes the corre- 
sponding decimal output active. The input labels 8, 4, 2, and 1 represent the binary weights 
of the input bits (22222!29), 
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» FIGURE 6-27 

Logic symbol for a 4-line-to- 

16-line (1-0f-16) ecoder. Open 

file FO6-28 to verify operation. 
MultiSim 
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IMPLEMENTATION: 1-OF-16 DECODER 


Fixed-Function Device The 74HC154 is a good example of a fixed-function IC decoder. 
The logic symbol is shown in Figure 6-28. There is an enable function (EN) provided on 
this device, which is implemented with a NOR gate used as a negative-AND. A LOW 
level on each chip select input, C$; and CS, is required in order to make the enable gate 
output (EN) HIGH. The enable gate output is connected to an input of each NAND gate 
in the decoder, so it must be HIGH for the NAND gates to be enabled. If the enable gate 
is not activated by a LOW on both inputs, then all sixteen decoder outputs (OUT) will be 
HIGH regardless of the states of the four input variables, Ao, A1, A», and A3. 


BIN/DEC 


» FIGURE 6-28 
The 74HC154 1-of-16 
decoder. 


(a) Pin diagram (b) Logic symbol 


EXAMPLE 6-9.. A certain application requires that a 5-bit number be decoded. Use 74HCI54 decoders. 
| E adum | i ; i nted iiu: the format A, Mo 


| HC154 c | y four hits. two dedo, must be wed to Lic a 
5-bit expansion. ne fifth bit, Ag, is connected to the chip select inputs, CS; and CS, 
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The BCD-to-Decimal Decoder 


The BCD-to-decimal decoder converts each BCD code (8421 code) into one of ten possible deci- 
mal digit indications. It is frequently referred as a 4-line-to-10-line decoder or a 1-of-10 decoder. 

The method of implementation is the same as for the 1-of-16 decoder previously dis- 
cussed, except that only ten decoding gates are required because the BCD code represents 
only the ten decimal digits 0 through 9. A list of the ten BCD codes and their corresponding 
decoding functions is given in Table 6—5. Each of these decoding functions is implemented 
with NAND gates to provide active-LOW outputs. If an active-HIGH output is required, 
AND gates are used for decoding. The logic is identical to that of the first ten decoding 
gates in the 1-of-16 decoder (see Table 6—4). 


«TABLE 6-5 
BCD decoding functions. 
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IMPLEMENTATION: BCD-TO-DECIMAL DECODER 


Fixed-Function Device The 74HC42 is a fixed-function IC decoder with four BCD in- 
puts and ten active-LOW decimal outputs. The logic symbol is shown in Figure 6-30. 


»FIGURE6-30 BCD/DEC 
The 74HC42 BCD-to- 
decimal decoder. 


74HC42 





The BCD-to-7-Segment Decoder 


The BCD-to-7-segment decoder accepts the BCD code on its inputs and provides outputs 
to drive 7-segment display devices to produce a decimal readout. The logic diagram for a 
basic 7-segment decoder is shown in Figure 6-31. 





» FIGURE 6-31 





BCD/7-seg 

Logic symbol for a BCD-to-7- 
segment decoder/driver with Ao Cumt lines 
active-LOW outputs. Open file BCD } ^i connect to 

; - input A> 7-segment 

3 
MultiSim 
< 


IMPLEMENTATION: BCD-TO-7-SEGMENT DECODER/DRIVER 


Fixed-Function Device The 74HC47 is an example of an IC device that decodes a BCD 
input and drives a 7-segment display. In addition to its decoding and segment drive capabil- 
ity, the 74HC47 has several additional features as indicated by the LT, RBI, BI/RBO func- 
tions in the logic symbol of Figure 6-32. As indicated by the bubbles on the logic symbol, 
all of the outputs (a through g) are active-LOW as are the LT (lamp test), RBI (ripple blank- 
ing input), and BI/ RBO (blanking input/ripple blanking output) functions. The outputs can 
drive a common-anode 7-segment display directly. Recall that 7-segment displays were 
discussed in Chapter 4. In addition to decoding a BCD input and producing the appropriate 
7-segment outputs, the 74HC47 has lamp test and zero suppression capability. 


Lamp Test When a LOW is applied to the LT input and the B//RBO is HIGH, all of the 
seven segments in the display are turned on. Lamp test is used to verify that no segments 
are burned out. 


Zero Suppression Zero suppression is a feature used for multidigit displays to blank 
out unnecessary zeros. For example, in a 6-digit display the number 6.4 may be displayed 
as 006.400 if the zeros are not blanked out. Blanking the zeros at the front of a number is 
called leading zero suppression and blanking the zeros at the back of the number is called 
trailing zero suppression. Keep in mind that only nonessential zeros are blanked. With zero 
suppression, the number 030.080 will be displayed as 30.08 (the essential zeros remain). 
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; > FIGURE 6-32 
The 74HC47 BCD-to-7- 


segment decoder/driver. 


BCD/7-seg EE - 
BI/RBO BI/RBO 


(a) Pin diagram (b) Logic symbol 


Zero suppression in the 74HC47 is accomplished using the RBI and BI/RBO functions. 
RBI is the ripple blanking input and RBO is the ripple blanking output on the 74HC47; 
these are used for zero suppression. B/ is the blanking input that shares the same pin with 
RBO; in other words, the B//RBO pin can be used as an input or an output. When used as 
a BI (blanking input), all segment outputs are HIGH (nonactive) when BI is LOW, which 
overrides all other inputs. The B/ function is not part of the zero suppression capability of 
the device. 

All of the segment outputs of the decoder are nonactive (HIGH) if a zero code (0000) is 
on its BCD inputs and if its RBI is LOW. This causes the display to be blank and produces 
a LOW RBO. 





Zero Suppression for a 4-Digit Display 


The logic diagram in Figure 6—33(a) illustrates leading zero suppression for a whole num- Zero suppression results in leading 
ber. The highest-order digit position (left-most) is always blanked if a zero code is on its or trailing zeros in a number not 
BCD inputs because the RBI of the most-significant decoder is made LOW by connecting showing on a display. 

it to ground. The RBO of each decoder is connected to the RBI of the next lowest-order 

decoder so that all zeros to the left of the first nonzero digit are blanked. For example, in 

part (a) of the figure the two highest-order digits are zeros and therefore are blanked. The 

remaining two digits, 3 and 0 are displayed. 


0 0000 0 0000 0 0011 l 0000 





— |RBILT 8421 
BCD-to-7-segment 








AA ID A 42 1 

BCD-to-7-segment 
decoder/driver decoder/driver decoder/driver 

f ed c b a BIRBO g f ed c b a BIRBO g f e d c b a BIRBO f ed c b a BI/RBO 


RBI LT 8 4 2 1 RBI IT 8 42 1 


BCD-to-7-segment BCD-to-7-segment 
decoder/driver 





Blanked Blanked 
(a) Illustration of leading zero suppression 
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(b) Illustration of trailing zero suppression 


4 FIGURE 6-33 
Examples of zero suppression using a BCD-to-7-segment decoder/driver. 


The logic diagram in Figure 6—33(b) illustrates trailing zero suppression for a fractional 
number. The lowest-order digit (right-most) is always blanked if a zero code is on its BCD 
inputs because the RBI is connected to ground. The RBO of each decoder is connected to 
the RBI of the next highest-order decoder so that all zeros to the right of the first nonzero 
digit are blanked. In part (b) of the figure, the two lowest-order digits are zeros and there- 
fore are blanked. The remaining two digits, 5 and 7 are displayed. To combine both leading 
and trailing zero suppression in one display and to have decimal point capability, additional 
logic is required. 





6-6 Encoders 


» FIGURE 6-34 


Logic symbol for a decimal-to- 


BCD encoder. 


The Decimal-to-BCD Encoder 


This type of encoder has ten inputs—one for each decimal digit—and four outputs corre- 
sponding to the BCD code, as shown in Figure 6—34. This is a basic 10-line-to-4-line encoder. 






: 
: 





BCD 
output 


Decimal 
input 


O 00-109 tA 4&5 12-0 
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The BCD (8421) code is listed in Table 6—6. From this table you can determine the 
relationship between each BCD bit and the decimal digits in order to analyze the logic. For 
instance, the most significant bit of the BCD code, A3, is always a 1 for decimal digit 8 or 
9. An OR expression for bit A; in terms of the decimal digits can therefore be written as 


Az; =8+9 


“<TABLE 6-6 
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Bit A; is always a 1 for decimal digit 4, 5, 6 or 7 and can be expressed as an OR function 
as follows: 


Az =4+5+6+7 
Bit A, is always a 1 for decimal digit 2, 3, 6, or 7 and can be expressed as 
A; =2+3+6+7 
Finally, Ao is always a 1 for decimal digit 1, 3, 5, 7, or 9. The expression for Ag is 
Aj =1+3+5+7T+9 


Now let’s implement the logic circuitry required for encoding each decimal digit to a 
BCD code by using the logic expressions just developed. It is simply a matter of ORing 
the appropriate decimal digit input lines to form each BCD output. The basic encoder logic 
resulting from these expressions is shown in Figure 6-35. 





Ao (LSB) 
: l «FIGURE 6-35 
= Basic logic diagram of a 
: decimal-to-BCD encoder. A 
6 Az 0-digit input is not needed 
8 because the BCD outputs are 
9 p SP all LOW when there are no 


HIGH inputs. 
The basic operation of the circuit in Figure 6—35 is as follows: When a HIGH appears 
on one of the decimal digit input lines, the appropriate levels occur on the four BCD output 
lines. For instance, if input line 9 is HIGH (assuming all other input lines are LOW), this 
condition will produce a HIGH on outputs Ag and A4 and LOWs on outputs A, and Ap, 
which is the BCD code (1001) for decimal 9. 


The Decimal-to-BCD Priority Encoder 


This type of encoder performs the same basic encoding function as previously discussed. 
A priority encoder also offers additional flexibility in that it can be used in applications 
that require priority detection. The priority function means that the encoder will produce a 
BCD output corresponding to the highest-order decimal digit input that is active and will 
ignore any other lower-order active inputs. For instance, if the 6 and the 3 inputs are both 
active, the BCD output is 0110 (which represents decimal 6). 
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IMPLEMENTATION: DECIMAL-TO-BCD ENCODER 


Fixed-Function Device The 74HC147 is a priority encoder with active-LOW inputs (0) 
for decimal digits 1 through 9 and active-LOW BCD outputs as indicated in the logic sym- 
bol in Figure 6-36. A BCD zero output is represented when none of the inputs is active. 
The device pin numbers are in parentheses. 


GND 
(a) Pin diagram (b) Logic diagram 


å FIGURE 6-36 
The 74HC147 decimal-to-BCD encoder (HPRI means highest value input has priority. 





An Application 


The ten decimal digits on a numeric keypad must be encoded for processing by the logic 
circuitry. In this example, when one of the keys is pressed, the decimal digit is encoded to 
the corresponding BCD code. Figure 6-37 shows a simple keyboard encoder arrangement 
using a priority encoder. The keys are represented by ten push-button switches, each with a 
pull-up resistor to + V. The pull-up resistor ensures that the line is HIGH when a key is not 
depressed. When a key is depressed, the line is connected to ground, and a LOW is applied 
to the corresponding encoder input. The zero key is not connected because the BCD output 
represents zero when none of the other keys is depressed. 

The BCD complement output of the encoder goes into a storage device, and each suc- 
cessive BCD code is stored until the entire number has been entered. Methods of storing 
BCD numbers and binary data are covered in Chapter 10. 
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id * FIGURE 6-37 
A simplified keyboard encoder. 






- BCD complement 


All BCD complement lines are HIGH indicating a 0. 
No encoding is necessary; however, this line may be 
connected to other circuits that detect the key press. 





6-7 Code Converters 





BCD-to-Binary Conversion 


One method of BCD-to-binary code conversion uses adder circuits. The basic conversion 
process is as follows: 


l. The value, or weight, of each bit in the BCD number is represented by a binary 
number. 


2. Allofthe binary representations of the weights of bits that are 1s in the BCD number 
are added. 


3. The result of this addition is the binary equivalent of the BCD number. 
A more concise statement of this operation is 


The binary numbers representing the weights of the BCD bits are summed to produce 
the total binary number. 





» TABLE 6-7 


Binary representations of BCD 


bit weights. 
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Let's examine an 8-bit BCD code (one that represents a 2-digit decimal number) to 
understand the relationship between BCD and binary. For instance, you already know that 
the decimal number 87 can be expressed in BCD as 


1000 0111 
y — 
8 7 


The left-most 4-bit group represents 80, and the right-most 4-bit group represents 7. That 
is, the left-most group has a weight of 10, and the right-most group has a weight of 1. 
Within each group, the binary weight of each bit is as follows: 


Tens Digit Units Digit 
Weight: 80 40 20 10 8 4 2 1 
Bit designation: B4 By B, Bo A3 A5 Aj Ao 


The binary equivalent of each BCD bit is a binary number representing the weight of 
that bit within the total BCD number. This representation is given in Table 6-7. 
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If the binary representations for the weights of all the 1s in the BCD number are added, 
the result is the binary number that corresponds to the BCD number. Example 6-11 illus- 
trates this. 

N 
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Binary-to-Gray and Gray-to-Binary Conversion 


The basic process for Gray-binary conversions was covered in Chapter 2. Exclusive-OR 
gates can be used for these conversions. Programmable logic devices (PLDs) can also be 
programmed for these code conversions. Figure 6-38 shows a 4-bit binary-to-Gray code 
converter, and Figure 6—39 illustrates a 4-bit Gray-to-binary converter. 


Gray , Binary 


Binary Gray By (LSB) 


Bo ee Go (LSB) 
EO: 





B; loa rem B, 
B; G4 (MSB) B, (MSB) 
A FIGURE 6-38 å FIGURE 6-39 
Four-bit binary-to-Gray MultiSim Four-bit Gray-tobinary 
“> conversion logic. Open file 


X^ conversion logic. Open file 


F06-40 to verify operation. F06-41 to verify operation. 
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6-8 Multiplexers (Data Selectors) 





In a multiplexer, data are switched A logic symbol for a 4-input multiplexer (MUX) is shown in Figure 6—41. Notice that 
from several lines to one line. there are two data-select lines because with two select bits, any one of the four data-input 
lines can be selected. 


» FIGURE 6-41 MUX 
Logic symbol for a 1-of-4 data Data { So 0 ] 
selector/multiplexer. mr AI l 

Dy 0 Data 

Data D, 1 output 
inputs D; 2 

D3 3 7 
Y TABLE 6-8 
Data selection for a 1-of-4- In Figure 6-41, a 2-bit code on the data-select (S) inputs will allow the data on the 
multiplexer selected data input to pass through to the data output. If a binary 0 (S; = 0 and Sọ = 0) 


is applied to the data-select lines, the data on input Do appear on the data-output line. 
If a binary 1 (S, = 0 and Sọ = 1) is applied to the data-select lines, the data on input 
D, appear on the data output. If a binary 2 (S; = 1 and Sọ = 0) is applied, the data 
on D» appear on the output. If a binary 3 (S, = 1 and Sọ = 1) is applied, the data on 
D, are switched to the output line. A summary of this operation is given in Table 6-8. 

Now let's look at the logic circuitry required to perform this multiplexing operation. The 
data output is equal to the state of the selected data input. You can therefore, derive a logic 
expression for the output in terms of the data input and the select inputs. 





The data output is equal to Do only if $4 = 0 and Sọ = 0: Y = DoS150. 
The data output is equal to D, only if $1 = 0 and Sọ = 1: Y = D45,$9. 
The data output is equal to D; only if S} = 1 and Sọ = 0: Y = D55459. 
The data output is equal to D3 only if S$; = 1 and Sọ = 1: Y = D3S{Spo. 


When these terms are ORed, the total expression for the data output is 
Y= DoS1So + D,S1So M D»S1So + D38150 


The implementation of this equation requires four 3-input AND gates, a 4-input OR gate, 
and two inverters to generate the complements of S; and So, as shown in Figure 6—42. 
Because data can be selected from any one of the input lines, this circuit is also referred to 
as a data selector. 





à So 

i 5 

D 0 

D, 

Y 

» FIGURE 6-42 ~ D; 
Logic diagram for a 4-input 
multiplexer. Open file FO6-44 D; 


to verify operation. 
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EXAMPLE 6-13 The data-input and data-select waveforms in Figure 6-43(a) are applied to the multi- 
plexer in Figure 6—42. Determine the output waveform in relation to the inputs. - 


AIO Wu r t 
» FIGURE 6-43 | i 


1 
2 


3 


Y 


. Solution | 


The binary state of the data-select inputs during each interval determines which data 
input is selected. Notice that the data-select inputs go through a repetitive binary 
sequence 00, OT, 10, 11, 00, 01, 10, 11, and so on. The resulting output waveform is 
shown in Figure 6—43(b). 


Related Problem 


Construct a timing diagram showing all inputs and the output if the Sp and S, wave- 
forms in Figure 6—43 are interchanged. 


IMPLEMENTATION: DATA SELECTOR/MULTIPLEXER 


Fixed-Function Device The 74HC153 is a dual four-input data selector/multiplexer. 
The pin diagram is shown in Figure 6—44(a). The inputs to one of the multiplexers are 
110 through 113 and the inputs to the second multiplexer are 210 through 213. The data 
select inputs are SO and S1 and the active-LOW enable inputs are 1E and 2E. Each of 
the multiplexers has an active-LOW enable input. 

The ANSU/IEEE logic symbol with dependency notation is shown in Figure 6—44(b). 
The two multiplexers are indicated by the partitioned outline, and the inputs common to 
both multiplexers are inputs to the notched block (common control block) at the top. The 
G$ dependency notation indicates an AND relationship between the two select inputs (A 
and B) and the inputs to each multiplexer block. 


> FIGURE 6-44 

The 74HC153 dual four- 

input data selector/ 

multiplexer. (a) Pin diagram (b) Logic symbol 
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IMPLEMENTATION: EIGHT-INPUT DATA SELECTOR/MULTIPLEXER 


Fixed-Function Device The 74HC151 has eight data inputs (Dg-D;) and, therefore, 
three data-select or address input lines (S5—$5). Three bits are required to select any one 
of the eight data inputs (2? — 8). A LOW on the Enable input allows the selected input 
data to pass through to the output. Notice that the data output and its complement are both 
available. The pin diagram is shown in Figure 6—45(a), and the ANSI/IEEE logic symbol 
is shown in part (b). In this case there is no need for a common control block on the logic 
symbol because there is only one multiplexer to be controlled, not two as in the 74HC153. 
The G? label within the logic symbol indicates the AND relationship between the data- 
select inputs and each of the data inputs 0 through 7. 


» FIGURE 6-45 
The 74HC151 eight-input 
data selector/multiplexer. (a) Pin diagram (b) Logic symbol 





EXAMPLE 6-14 Use 74HC151s and any other logic necessary to multiplex 16 data lines onto a single 
date-output line. : 


Ww 


Solution 


An expansion of two 74HC151s is shown in Figure 6—46. Four bits are required to select 
one of 16 data inputs (2^ — 16). In this application the Enable input is used as the most 

significant data-select bit. When the MSB in the data-select code is LOW, the left 74HC151 
is enabled, and one of the data inputs (Dp through D>) is selected by the other three data- 
select bits. When the data-select MSB is HIGH, the right 74HC151 is enabled, and one of 
the data inputs (Dg through D;;) is selected. The selected input data are then mer rough 
to the negative-OR gate and onto the single output line. 


* FIGURE 6-46 


A 16-input multiplexer. dragi 
d O—d EN 


SG 
SS 


gut 


A 


e 
1/4 74HC00 


“A tà d» WN — O 
oocovotvt 
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.. 74HC151 74HC151 
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Applications 
A 7-Segment Display Multiplexer 


Figure 6-47 shows a simplified method of multiplexing BCD numbers to a 7-segment dis- 
play. In this example, 2-digit numbers are displayed on the 7-segment readout by the use 
of a single BCD-to-7-segment decoder. This basic method of display multiplexing can be 
extended to displays with any number of digits. The 74HC157 is a quad 2-input multiplexer. 

The basic operation is as follows. Two BCD digits (A3A52A A9 and B3B2B1Bọ) are applied 
to the multiplexer inputs. A square wave is applied to the data-select line, and when it is 
LOW, the A bits (A3A5A,A9) are passed through to the inputs of the 74HC47 BCD-to-7- 
segment decoder. The LOW on the data-select also puts a LOW on the A, input of the 
74HC139 2-line-to-4-line decoder, thus activating its 0 output and enabling the A-digit 
display by effectively connecting its common terminal to ground. The A digit is now on 


and the B digit is off. 


LOW selects A;A,A,Apg 


T oum HIGH selects B4 B5B, Bo 


Data 
select 
Ay 
By 
A, 
B, 
A, 
B, 
A, 
B, 
74HC157 74HC47 
LSD BCD: A345A,A9 Common-cathode 
MSD BCD: B;B,B, Bo displays 
LOW enables LSD 
HIGH enables MSD 
* Additional buffer drive 
circuitry may be required. 
































LOWSs enable common-anode 
7-seg display. 


T $74HC139 


<< FIGURE 6-47 


Simplified 7-segment display 


multiplexing logic. 
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When the data-select line goes HIGH, the B bits (B4B5B,B9) are passed through to the 
inputs of the BCD-to-7-segment decoder. Also, the 74HC139 decoder's 1 output is acti- 
vated, thus enabling the B-digit display. The B digit is now on and the A digit is off. The 
cycle repeats at the frequency of the data-select square wave. This frequency must be high 
enough to prevent visual flicker as the digit displays are multiplexed. 


A Logic Function Generator . 


A useful application of the data selector/multiplexer is in the generation of combinational logic 
functions in sum-of-products form. When used in this way, the device can replace discrete 
gates, can often greatly reduce the number of ICs, and can make design changes much easier. 

To illustrate, a 74HC151 8-input data selector/multiplexer can be used to implement any 
specified 3-variable logic function if the variables are connected to the data-select inputs 
and each data input is set to the logic level required in the truth table for that function. 
For example, if the function is a 1 when the variable combination is A2A,Ao, the 2 input 
(selected by 010) is connected to a HIGH. This HIGH is passed through to the output when 
this particular combination of variables occurs on the data-select lines. Example 6-15 will 
help clarify this application. 
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Example 6-15 illustrated how the 8-input data selector can be used as a logic function 
generator for three variables. Actually, this device can be also used as a 4-variable logic 
function generator by the utilization of one of the bits (Ao) in conjunction with the data 
inputs. 

A 4-variable truth table has sixteen combinations of input variables. When an 8-bit data 
selector is used, each input is selected twice: the first time when A, is 0 and the second time 
when Ag is 1. With this in mind, the following rules can be applied (Y is the adus and Ao 
is the least significant bit): 


1. If Y = 0 both times a given data input is selected by a certain combination of the 
input variables, A3A5A ;, connect that data input to ground (0). 

2. If Y — 1 both times a given data input is selected by a certain combination of the 
input variables, A3A2A, connect the data input to +V (1). 

3. If Y is different the two times a given data input is selected by a certain combination 
of the input variables, A3A2A,, and if Y = Ap, connect that data input to Ap. 


4. If Y is different the two times a given data input is selected by a certain combination 
of the input variables, A342A,, and if Y = AQ, connect that data input to Ao. 





6-9 Demultiplexers 


Chapter 6 Functions of Combinational Logic 








In a demultiplexer, data are switched 
from one line to several lines. 


» FIGURE 6-50 
A 1-line-to-4-line demultiplexer. 


Figure 6—50 shows a 1-line-to-4-line demultiplexer (DEMUX) circuit. The data-input 
line goes to all of the AND gates. The two data-select lines enable only one gate at a time, 
and the data appearing on the data-input line will pass through the selected gate to the 
associated data-output line. 
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4-Line-to-16-Line Decoder as a Demultiplexer 


We have already discussed a 4-line-to-16-line decoder (Section 6—5). This device and other 
decoders can also be used in demultiplexing applications. The logic symbol for this device 
when used as a demultiplexer is shown in Figure 6—52. In demultiplexer applications, the 
input lines are used as the data-select lines. One of the chip select inputs is used as the data- 
input line, with the other chip select input held LOW to enable the internal negative-AND 
gate at the bottom of the diagram. 


D» «FIGURE 6-52 
* Biel sent ie Abs» ND UNS E 
D, The decoder used as a 
D, demultiplexer. 
D 3 
D, 
D; 
E Ds 
Data S D, 
select l D 
s S 8 
lines 2 D 
9 
S; 
Dio 
Di, 
Di 
D 13 
Dy, 
D 


-— 
un 


Data 
in 
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6-10 Parity Generators/Checkers 


The parity method of error detection in which a parity bit is attached to a group of 
information bits in order to make the total number of 1s either even or odd (depending on 
the system) was covered in Chapter 2. In addition to parity bits, several specific codes also 
provide inherent error detection. 


Basic Parity Logic 


A parity bit indicates if the number In order to check for or to generate the proper parity in a given code, a basic principle can 
of 1s in a code is even or odd for the be used: 


purpose of error detection. E 
s The sum (disregarding carries) of an even number of 1s is always 0, and the sum of 


an odd number of 1s is always 1. 


Therefore, to determine if a given code has even parity or odd parity, all the bits in that 
code are summed. As you know, the modulo-2 sum of two bits can be generated by an 
exclusive-OR gate, as shown in Figure 6—53(a); the modulo-2 sum of four bits can be 
formed by three exclusive-OR gates connected as shown in Figure 6—53(b); and so on. 
When the number of 1s on the inputs is even, the output X is 0 (LOW). When the number 
of 1s is odd, the output X is 1 (HIGH). 


Ay 
» FIGURE 6-53 A 
1 
X 
Ay A3 
(a) Summing of two bits (b) Summing of four bits 


Fixed-Function Device The logic symbol and function table for a 74HC280 are shown 
in Figure 6-54. This particular device can be used to check for odd or even parity on a 
9-bit code (eight data bits and one parity bit), or it can be used to generate a parity bit for a 
binary code with up to nine bits. The inputs are A through /; when there is an even number 
of 1s on the inputs, the 2 Even output is HIGH and the È Odd output is LOW. 


» FIGURE 6-54 
The 74HC280 9-bit parity 
generator/checker. 


A 
B 
C 
D. 
E 
F 
G 
H 
I 


(a) Traditional logic symbol (b) Function table 
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Parity Checker When this device is used as an even parity checker, the number of input 
bits should always be even; and when a parity error occurs, the 2 Even output goes LOW 
and the 2 Odd output goes HIGH. When it is used as an odd parity checker, the number 
of input bits should always be odd; and when a parity error occurs, the 2; Odd output goes 
LOW and the È Even output goes HIGH. 


Parity Generator If this device is used as an even parity generator, the parity bit is 
taken at the > Odd output because this output is a 0 if there is an even number of input 
bits and it is a 1 if there is an odd number. When used as an odd parity generator, the 
parity bit is taken at the £ Even output because it is a 0 when the number of inputs bits 
is odd. 





A Data Transmission System with Error Detection 


A simplified data transmission system is shown in Figure 6—55 to illustrate an application 
of parity generators/checkers, as well as multiplexers and demultiplexers, and to illustrate 
the need for data storage in some applications. 


Four-conductor transmission line 


Error gate 


m Error = | 







D; (Even parity bit) 


f t 
B B 
C e 
D D 
P X Odd x X Even 
F F 
G G 
H H 
E I B I 
EVEN parity EVEN parity 
generator checker 


4 FIGURE 6-55 
Simplified data transmission system with error detection. 
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In this application, digital data from seven sources are multiplexed onto a single line 
for transmission to a distant point. The seven data bits (Do through Dg) are applied to the 
multiplexer data inputs and, at the same time, to the even parity generator inputs. The X 
Odd output of the parity generator is used as the even parity bit. This bit is 0 if the number 
of 1s on the inputs A through / is even and is a 1 if the number of 1s on A through / is odd. 
This bit is D^ of the transmitted code. 

The data-select inputs are repeatedly cycled through a binary sequence, and each data 
bit, beginning with Dy, is serially passed through and onto the transmission line (Y). In 
this example, the transmission line consists of four conductors: one carries the serial data 
and three carry the timing signals (data selects). There are more sophisticated ways of 

InfoNote Ba, me sending the timing information, but we are using this direct method to illustrate a basic 
principle. 





At the demultiplexer end of the system, the data-select signals and the serial data stream 
are applied to the demultiplexer. The data bits are distributed by the demultiplexer onto 
the output lines in the order in which they occurred on the multiplexer inputs. That is, Do 
comes out on the Dp output, D; comes out on the D, output, and so on. The parity bit comes 
out on the D; output. These eight bits are temporarily stored and applied to the even parity 
checker. Not all of the bits are present on the parity checker inputs until the parity bit D7 
comes out and is stored. At this time, the error gate is enabled by the data-select code 111. 
If the parity is correct, a 0 appears on the 2 Even output, keeping the Error output at 0. If 
the parity is incorrect, all 1s appear on the error gate inputs, and a | on the Error output 
results. 

This particular application has demonstrated the need for data storage. Storage devices 
will be introduced in Chapter 7 and covered in Chapter 10. 

SA TINTO is The timing diagram in Figure 6—56 illustrates a specific case in which two 8-bit words 
SINE De a ode oec Ne LO C are transmitted, one with correct parity and one with an error. 





» FIGURE 6-56 So | | | | | | | | | | | | | | | 
Example of data transmission d Amm. NM. 
with and without error for the | ES j | 3 1 epo 
i : S, ! M | L. T d | bk ud | Bit received 
system in Figure 6—55. d amy | a N ER AE fi | incorrectly 


| 
| 
| i 
1 (0 was transmitted) 
l 

| 

| 


. SECTION 6-10 
CHECKUP k 


a pe ipe Y bi the following | codes: 
y 1010101 - (b) 1000001 
3. Check each of the even parity codes for an error. 
(a) 100010101 - D 1110111001 





TRU E/ FALSE QUIZ Answers are at the end of the chapter. 


. A half-adder adds two binary bits. 

. A half-adder has a sum output only. 

. A full-adder adds three bits and produces two outputs. 
. Two 4-bit numbers can be added using two full-adders. 


unk U N m 


. When the two input bits are both 1 and the carry input bit is a 1, the sum output of a full 
adder is 0. 


6. A comparator determines when two binary numbers are equal. 
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^. 
8. 
y. 
10. 







AJENE (ue .. Answers are at the end of the chapter. 


Ae Bi, miley y è 


A decoder detects the presence of a specified combination of input bits. 
The 4-line-to-10-line decoder and the 1-of-10 decoder are two different types. 
An encoder essentially performs a reverse decoder function. 


A multiplexer is a logic circuit that allows digital information from a single source to be routed 
onto several lines. 





1. A half-adder is characterized by 
(a) two inputs and two outputs (b) three inputs and two outputs 
(c) two inputs and three outputs (d) two inputs and one output 
2. A full-adder is characterized by 
(a) two inputs and two outputs (b) three inputs and two outputs 
(c) two inputs and three outputs (d) two inputs and one output 
3. The inputs to a full-adder are A = 1, B = 1, Cin = 0. The outputs are 


10. 


11. 


12. 





: m .— Answers to odd-numbered problems are at the end of the book. 


(a) E = 1, Cw = 1 (b = = 1,Com = 0 
() E = 0, Cot = 1 (d > = 0,Com = 0 


. A 4-bit parallel adder can add 
(a) two 4-bit binary numbers (b) two 2-bit binary numbers 
(c) four bits at a time (d) four bits in sequence 

. To expand a 4-bit parallel adder to an 8-bit parallel adder, you must 


(a) use four 4-bit adders with no interconnections 

(b) use two 4-bit adders and connect the sum outputs of one to the bit inputs of the other 

(c) use eight 4-bit adders with no interconnections 

(d) use two 4-bit adders with the carry output of one connected to the carry input of the other 


. If a 74HC85 magnitude comparator has A = 1011 and B = 1001 on its inputs, the outputs are 
(a) A>B=0,A<B=1,A=B=0 (D A>B=1,A<B=0,A=B=0 
() A> B=1,A<B=1A=B=0 (d A>B=0,A<B=0,A=B=1 


. If a 1-of-16 decoder with active-LOW outputs exhibits a LOW on the decimal 12 output, what 


are the inputs? 
(a) A3A2A;Ap = 1010 (b) A3A2A)Ap = 1110 
(c) A3A5A4A9 = 1100 (d) A3zA2A Apo = 0100 


. A BCD-to-7 segment decoder has 0100 on its inputs. The active outputs are 


(a) a, c, f. g (b) b, c.f. g 
(c) b, c, e, f (d) b, d, e, g 


. If an octal-to-binary priority encoder has its 0, 2, 5, and 6 inputs at the active level, the active- 


HIGH binary output is 
(a) 110 (b) 010 
(c) 101 (d) 000 


In general, a multiplexer has 

(a) one data input, several data outputs, and selection inputs 

(b) one data input, one data output, and one selection input 

(c) several data inputs, several data outputs, and selection inputs 
(d) several data inputs, one data output, and selection inputs 


Data selectors are basically the same as 
(a) decoders (b) demultiplexers 
(c) multiplexers (d) encoders 


Which of the following codes exhibit even parity? 
(a) 10011000 (b) 01111000 

(c) 11111111 (d) 11010101 

(e) all (f) both answers (b) and (c) 


Section 6-1 Half and Full Adders 


1. 


For the full-adder of Figure 6—4, determine the logic state (1 or 0) at each gate output for the 
following inputs: 


a=1 (0) A=0,B=1,C,=1 
0 
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2. What are the full-adder inputs that will produce each of the following outputs: 
(a) > = 0,Coy = 0 (b) > = 1, Cou = 0 
(c) 2 = 1, Cot = 1 (d > = 0, Cout = 1 
3. Determine the outputs of a full-adder for each of the following inputs: 
(a) A= 1,B =0,C;,, = 0 (b) A = 0,B = 0, Cn = 1 
(0) A=0,B=1,Cn= 1 (d A = 1,B = 1,Cn = 1 


Section 6-2 Parallel Binary Adders 


4. For the parallel adder in Figure 6-57, determine the complete sum by analysis of the logical 
operation of the circuit. Verify your result by longhand addition of the two input numbers. 








» FIGURE 6-57 
iG 0 0 E'* d 0 | 1 | 
» FIGURE 6-58 
0 
Zo i. Y, 2, 2a > 
6. The circuit shown in Figure 6-59 is a 4-bit circuit that can add or subtract numbers in a form 

used in computers (positive numbers in true form; negative numbers in complement form). (a) 

Explain what happens when the Add/Subt. input is HIGH. (b) What happens when Add/Subt. 

is LOW? 
D FIGURE 6-59 A; B, A> B, A, B, Ay Bo 

Add/Subt. O 





7. For the circuit in Figure 6-59, assume the inputs are Add/Subt. = 1, A = 1001 and B = 1100. 
What is the output? 


8. The input waveforms in Figure 6—60 are applied to a 2-bit adder. Determine the waveforms for 
the sum and the output carry in relation to the inputs by constructing a timing diagram. 


|214 | Digital Fundamentals, Eleventh Edition 


9. The following sequences of bits (right-most bit first) appear on the inputs to a 4-bit parallel 
adder. Determine the resulting sequence of bits on each sum output. 


A, 1001 
A2 1110 
A; 0000 
A4 1011 
B, 1111 
B; 1100 
B, 1010 
B, 0010 


10. In the process of checking a 74HC283 4-bit parallel adder, the following logic levels are observed 
on its pins: 1-HIGH, 2-HIGH, 3-HIGH, 4-HIGH, 5-LOW, 6-LOW, 7-LOW, 9-HIGH, 10-LOW, 
11-HIGH, 12-LOW, 13-HIGH, 14-HIGH, and 15-HIGH. Determine if the IC is functioning properly. 


Section 6-3 Ripple Carry and Look-Ahead Carry Adders 


11. Each of the eight full-adders in an 8-bit parallel ripple carry adder exhibits the following propa- 
gation delays: 


A to È and Cout: 40 ns 
B to X and Cout: 40 ns 
Cin to 2: 35 ns 

Cis to Cons 25 ns 


Determine the maximum total time for the addition of two 8-bit numbers. 


12. Show the additional logic circuitry necessary to make the 4-bit look-ahead carry adder in 
Figure 6-17 into a 5-bit adder. 


Section 6-4 Comparators 


13. The waveforms in Figure 6-61 are applied to the comparator as shown. Determine the output 
(A — B) waveform. 


» FIGURE 6-61 Ao J il LJ X 





14. For the 4-bit comparator in Figure 6-62, plot each output waveform for the inputs shown. The 
outputs are active-HIGH. 


Ao | l | | | 
» FIGURE 6-62 





74HC85 





» FIGURE 6-63 


» FIGURE 6-64 


» FIGURE 6-65 
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15. For each set of binary numbers, determine the output states for the comparator of Figure 6-21. 


(a) A3A5A,1A90 = 1100 (b) A3A5A Ap 1000 (c) A3A2A Ag = 0100 
B3B>B,Bo = 1001 B4B5B,Bg = 1011 B3B>B,By = 0100 


Section 6-5 Decoders 


16. When a HIGH is on the output of each of the decoding gates in Figure 6—63, what is the binary 
code appearing on the inputs? The MSB is A3. 


Ap 
A ) A 
Aj 
A, A> 
A 3 A 
(a) (b) 
Ag 
A, 
Ag 
A | A» 
A3 A; 
(c) (d) 
17. Show the decoding logic for each of the following codes if an active-HIGH (1) output is 
required: 
(a) 1101 (b) 1000 (c) 11011 (d) 11100 


(e) 101010 (f) 111110 (g) 000101 (h) 1110110 

18. Solve Problem 17, given that an active-LOW (0) output is required. 

19. You wish to detect only the presence of the codes 1010, 1100, 0001, and 1011. An active- 
HIGH output is required to indicate their presence. Develop the minimum decoding logic with 


a single output that will indicate when any one of these codes is on the inputs. For any other 
code, the output must be LOW. 


20. If the input waveforms are applied to the decoding logic as indicated in Figure 6—64, sketch the 
output waveform in proper relation to the inputs. 


21. BCD numbers are applied sequentially to the BCD-to-decimal decoder in Figure 6-65. Draw a 
timing diagram, showing each output in the proper relationship with the others and with the inputs. 





BCD/DEC 


74HC42 
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» FIGURE 6-66 


* FIGURE 6-67 





* FIGURE 6-68 


22. A 7-segment decoder/driver drives the display in Figure 6—66. If the waveforms are applied as 
indicated, determine the sequence of digits that appears on the display. 


BCD/7-se 
Ag | | | | : 





Section 6-6 Encoders 


23. For the decimal-to-BCD encoder logic of Figure 6-35, assume that the 9 input and the 3 input 
are both HIGH. What is the output code? Is it a valid BCD (8421) code? 


24. A 74HC147 encoder has LOW levels on pins 2, 5, and 12. What BCD code appears on the 
outputs if all the other inputs are HIGH? 


Section 6-7 Code Converters 
25. Convert the following decimal numbers to BCD and then to binary. 
(a) 2 (b) 8 (c) 13 (d) 26 (e) 33 


26. Show the logic required to convert a 10-bit binary number to Gray code, and use that logic to 
convert the following binary numbers to Gray code: 


(a) 1010101010 (b) 1111100000 (c) 0000001110 (d) 1111111111 


27. Show the logic required to convert a 10-bit Gray code to binary, and use that logic to convert 
the following Gray code words to binary: 


(a) 1010000000 (b) 0011001100 (c) 1111000111 (d) 0000000001 


Section 6-8 Multiplexers (Data Selectors) 


28. For the multiplexer in Figure 6—67, determine the output for the following input states: Do = 0, 
D; T 1, Dy - 1, D4 == 0, So = 1, S; = 0. 


MUX 

So 0 

0 
5i n "3 

, Do 0 ; 

D, l 
D, 2 
D 3 


29. If the data-select inputs to the multiplexer in Figure 6-67 are sequenced as shown by the wave- 
forms in Figure 6—68, determine the output waveform with the data inputs specified in Problem 28. 


30. The waveforms in Figure 6—69 are observed on the inputs of a 74HC151 8-input multiplexer. 
Sketch the Y output waveform. 
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Section 6-9 Demultiplexers 


31. Develop the total timing diagram (inputs and outputs) for a 74HC154 used in a demultiplexing 
application in which the inputs are as follows: The data-select inputs are repetitively sequenced 
through a straight binary count beginning with 0000, and the data input is a serial data stream 
carrying BCD data representing the decimal number 2468. The least significant digit (8) is first 
in the sequence, with its LSB first, and it should appear in the first 4-bit positions of the output. 


Section 6-10 Parity Generators/Checkers 


32. The waveforms in Figure 6-70 are applied to the 4-bit parity logic. Determine the output wave- 
form in proper relation to the inputs. For how many bit times does even parity occur, and how 
is it indicated? The timing diagram includes eight bit times. 

Bit time 
= 
» FIGURE 6-70 Ao 


33. Determine the 2 Even and the £X Odd outputs of a 74HC280 9-bit parity generator/checker for 
the inputs in Figure 6—71. Refer to the function table in Figure 6—54. 


>FIGURE 6-71 — MN hee e 
l l 
| | 
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SECTION CHECKUPS 
Section 6-1 Half and Full Adders 
1.8 $-1€4,70 
(b) È = 0, Cou = 0 
() 2 = 1, Coun = 0 
(d) X = 0, Cox = 1 
2. 2 = 1, Cout = 1 


Section 6-2 Parallel Binary Adders 
1. Cou24232221 = 11001 
2. Three 74HC283s are required to add two 10-bit numbers. 


Section 6-3 Ripple Carry and Look-Ahead Carry Adders 
1. C, = 0,C, = 1 
2. Con = 1 


Section 6-4 Comparators 
1.A>B=1,A<B=0,A = B = 0OwhenA = 1011 and B = 1010 
2. Right comparator: A < B= 1;A=B=0;A>B=0 
Left comparator: A < B=0;A=B=0;A>B=1 


Section 6-5 Decoders 
1. Output 5 is active when 101 is on the inputs. 
2. Four 74HC154s are used to decode a 6-bit binary number. 
3. Active-HIGH output drives a common-cathode LED display. 


Section 6-6 Encoders 
1. (a) Ap = 1, A; = 1, A, = 0,A3 = 1 
(b) No, this is not a valid BCD code. 
(c) Only one input can be active for a valid output. 
2. (a) A5 = 0,45 = LA: 1,49 = 1 
(b) The output is 0111, which is the complement of 1000 (8). 


Section 6-7 Code Converters 
1. 10000101 (BCD) — 1010101; 


2. An 8-bit binary-to-Gray converter consists of seven exclusive-OR gates in an arrangement like 
that in Figure 6—40 but with inputs Bg-B;. 


Section 6-8 Multiplexers (Data Selectors) 
1. The output is 0. 
2. (a) 74HC153: Dual 4-input data selector/multiplexer 
(b) 74HC151: 8-input data selector/multiplexer 


3. The data output alternates between LOW and HIGH as the data-select inputs sequence through 
the binary states. 


4. (a) The 74HC157 multiplexes the two BCD codes to the 7-segment decoder. 
(b) The 74HC47 decodes the BCD to energize the display. 
(c) The 74HC139 enables the 7-segment displays alternately. 


Section 6-9 Demultiplexers 


1. A decoder can be used as a multiplexer by using the input lines for data selection and an 
Enable line for data input. 


2. The outputs are all HIGH except Do, which is LOW. 
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Section 6-10 Parity Generators/Checkers 


1. (a) Even parity: 1110100 (b) Even parity: 001100011 
2. (a) Odd parity: 11010101 (b) Odd parity: 11000001 
3. (a) Code is correct, four 1s. (b) Code is in error, seven 1s 


RELATED PROBLEMS FOR EXAMPLES 
6-1 += 1,Cor = 1 

6-2 +, = 0,2, = 0, 23 = 1,24 = 1 

6-3 1011 + 1010 = 10101 

6-4 See Figure 6-72. 





» FIGURE 6-72 
Lowest-order adder Highest-order adder 
6-5 See Figure 6-73. 
» FIGURE 6-73 Ao = 1 0 
—————— Bo = 0 
0 — not equal 
Ai 
B,-1 0 


66 A>B=0,A=B=0,A<B=1 
6-7 See Figure 6-74. 


6-8 See Figure 6-75. 
6-9 Output 22 





4 FIGURE 6-74 4 FIGURE 6-75 


6-10 All inputs LOW: Ap = 0,A; = 1,45 = 1,A3 = 0 
All inputs HIGH: All outputs HIGH. 
6-11 BCD 01000001 


L5 90000001 


1 
00101000 40 
Binary 00101001 41 
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6-12 Seven exclusive-OR gates 
6-13 See Figure 6-76. 


PFIGUREG76 /^— So; i NN 


6-14 Dy S3 = 0, S2 = 0, Sı = 0,S9 = 0 
D4: S3 = 0, S = 1,$, = 0,$9 = 0 
Dg: S3 = 1, $2 = 0,8; = 0, So = 0 
D,3: 83 = 1, S2 = 1,8; = 0,S9 = 1 

6-15 See Figure 6-77. 








» FIGURE 6-77 
0 
2 
0 Ute le E = E 
1 Y= AA 140 $ A,A 140 + A,A 140 
+5V 2 
3 
4 
5 
6 
7 
74HC151 
6-16 See Figure 6-78. 
» FIGURE 6-78 
A, 
A 0 
is 5 
Ao 
Y = AAA Ap + A3A5A 140 
* A3A3A,A0 + A3A3A 140 
+ A3A3A,A0 + A3A>A;Ao 
+ A3A2A Ag + A3A2A Ag 
74HC151 
6-17 See Figure 6-79. 
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TRUE/FALSE QUIZ 
1. T 2. F » T 4. F S, F 
6. T 7. T 8. F 9. T 10. F 


SELF-TEST 
1. (a) 2. (b) 3. (c) 4. (a) S. (d) 6. (b) 
7. (c) 8. (b) 9. (a 10. (d) 11.(c) 12. (f) 
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7-1 Latches 7-4 Flip-Flop Applications 
7-2 Flip-Flops 7-5 One-Shots 
7-3 Flip-Flop Operating Characteristics 7-6 The Astable Multivibrator 


7-1 Latches 





InfoNote 


Latches are sometimes used for 
multiplexing data onto a bus. For 
example, data being input to a 
computer from an external source 
have to share the data bus with 


data from other sources. When the | 


data bus becomes unavailable to 
the external source, the existing 
data must be temporarily stored, 
and latches placed between the 
external source and the data bus 
may be used to do this. | 


MultiSim 


~~ 





FIGURE 7-2 Žž 7 
Negative-OR equivalent of 
the NAND gate S-R latch in 
Figure 7—1(b). 





The S-R (SET-RESET) Latch 


A latch is a type of bistable logic device or multivibrator. An active-HIGH input S-R 
(SET-RESET) latch is formed with two cross-coupled NOR gates, as shown in Figure 
7—1(a); an active-LOW input S-R latch is formed with two cross-coupled NAND gates, as 
shown in Figure 7—1(b). Notice that the output of each gate is connected to an input of the 
opposite gate. This produces the regenerative feedback that is characteristic of all latches 
and flip-flops. 


S Q R Q 


(a) Active-HIGH input S-R latch (b) Active-LOW input S-R latch 


å FIGURE 7-1: J 
Two versions of SET-RESET (S-R) latches. Open files F07-01(a) and (b) and verify 
the operation of both latches. A Multisim tutorial is available on the website. 








To explain the operation of the latch, we will use the NAND gate S-R latch in 
Figure 7-1(b). This latch is redrawn in Figure 7-2 with the negative-OR equivalent 
symbols used for the NAND gates. This is done because LOWs on the S and R lines 
are the activating inputs. 

The latch in Figure 7-2 has two inputs, 5 and R, and two outputs, Q and Q. Let's start 
by assuming that both inputs and the Q output are HIGH, which is the normal latched state. 
Since the Q output is connected back to an input of gate Gp, and the R input is HIGH, the 
output of G must be LOW. This LOW output is coupled back to an input of gate G4, ensur- 
ing that its output is HIGH. 

When the Q output is HIGH, the latch is in the SET state. It will remain in this state 
indefinitely until a LOW is temporarily applied to the R input. With a LOW on the R input 
and a HIGH on S, the output of gate G» is forced HIGH. This HIGH on the Q output is 
coupled back to an input of G4, and since the $ input is HIGH, the output of G; goes LOW. 
This LOW on the Q output is then coupled back to an input of G», ensuring that the Q 
output remains HIGH even when the LOW on the R input is removed. When the Q output 


Don 
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is LOW, the latch is in the RESET state. Now the latch remains indefinitely in the RESET 
state until a momentary LOW is applied to the S input. 


In normal operation, the outputs of a latch are always complements of each other. 
When Q is HIGH, Q is LOW, and when Q is LOW, Q is HIGH. 


An invalid condition in the operation of an active-LOW input S-R latch occurs when 
LOWs are applied to both 5 and R at the same time. As long as the LOW levels are 
simultaneously held on the inputs, both the Q and Q outputs are forced HIGH, thus 
violating the basic complementary operation of the outputs. Also, if the LOWs are 
released simultaneously, both outputs will attempt to go LOW. Since there is always 
some small difference in the propagation delay time of the gates, one of the gates will 
dominate in its transition to the LOW output state. This, in turn, forces the output of 
the slower gate to remain HIGH. In this situation, you cannot reliably predict the next 
state of the latch. 

Figure 7-3 illustrates the active-LOW input S-R latch operation for each of the four 
possible combinations of levels on the inputs. (The first three combinations are valid, but 
the last is not.) Table 7-1 summarizes the logic operation in truth table form. Operation of 
the active-HIGH input NOR gate latch in Figure 7-1(a) is similar but requires the use of 
opposite logic levels. 


Momentary LOW 


l — 

0 + Outputs make 
transitions when 
$ goes LOW and 
remain in same 
state after S 

goes back HIGH. 


T". 
o U 





y 





(HIGH) 
Latch starts out RESET (Q = 0). 
(a) Two possibilities for the SET operation 


Outputs make _ 
transitions when R 
goes LOW and remain 
in same state after R 
goes back HIGH. 





Latch starts out SET (Q = 1). 
(b) Two possibilities for the RESET operation 


Q Outputs do 

not change 

state. Latch 
remains SET if 
previously SET and 
remains RESET if 
previously RESET. 


HIGHS on both inputs 







0 ur 


(c) No-change condition (d) Invalid condition 


4 FIGURE 7-3 


The three modes of basic S-R latch operation (SET, RESET, no-change) and the 


invalid condition. 





A latch can reside in either of its two 


abadian CFT aa NOCOT 


SET means that the Q output is 
HIGH. 


RESET means that the Q output is 
LOW. 


a 


No transitions 


occur because 
latch is 
_ already SET. 
Q 
0 mes di 


Latch starts out SET (Q = 1). 


No transitions occur 
because latch is 
already RESET. 


Latch starts out RESET (Q = 0). 


Output states are uncertain 
when input LOWs go back 
HIGH at approximately 
the same time. 


Simultaneous LOWs on both inputs 
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» TABLE 7-1 
Truth table for an active-LOW 
input S-R latch. 






No change. Latch remains in present state. 
Latch SET. 
Latch RESET. 
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Logic symbols for both the active-HIGH input and the active-LOW input latches are 
shown in Figure 7-4. 


» FIGURE 7-4 
Logic symbols for the S-R and 
S-R latch. 





(a) Active-HIGH input (b) Active-LOW input 
S-R latch S-R latch 


Example 7-1 illustrates how an active-LOW input S-R latch responds to conditions on 
its inputs. LOW levels are pulsed on each input in a certain sequence and the resulting Q 
output waveform is observed. The $ = 0, R = 0 condition is avoided because it results in 
an invalid mode of operation and is a major drawback of any SET-RESET type of latch. 





An Application 
The Latch as a Contact-Bounce Eliminator 


A good example of an application of an S-R latch is in the elimination of mechanical switch 
contact “bounce.” When the pole of a switch strikes the contact upon switch closure, it 
physically vibrates or bounces several times before finally making a solid contact. Although 
these bounces are very short in duration, they produce voltage spikes that are often not 
acceptable in a digital system. This situation is illustrated in Figure 7—6(a). 
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a 4 FIGURE 7-6 
CC cca — (ESR ee eS 
*Vcc The S-R latch used to eliminate 
switch contact bounce. 
+V 
i AMARE E 
2 
á Q | | 
j Erratic transition voltage 
= /01 due to contact bounce Position Position 
= - I to 2 2 to | 
(a) Switch contact bounce (b) Contact-bounce eliminator circuit 


An S-R latch can be used to eliminate the effects of switch bounce as shown in Fig- 
ure 7-6(b). The switch is normally in position 1, keeping the R input LOW and the latch 
RESET. When the switch is thrown to position 2, R goes HIGH because of the pull-up 
resistor to Voc, and $ goes LOW on the first contact. Although $ remains LOW for only 
a very short time before the switch bounces, this is sufficient to set the latch. Any further 
voltage spikes on the S input due to switch bounce do not affect the latch, and it remains 

. SET. Notice that the Q output of the latch provides a clean transition from LOW to HIGH, 
thus eliminating the voltage spikes caused by contact bounce. Similarly, a clean transition 
from HIGH to LOW is made when the switch is thrown back to position 1. 


IMPLEMENTATION: S-R LATCH 


Fixed-Function Device The 74HC279A is a quad S-R latch represented by the logic 
diagram of Figure 7—7(a) and the pin diagram in part (b). Notice that two of the latches 
each have two S inputs. 


(2) 


(b) Pin diagram 


(a) Logic diagram 


å FIGURE 7-7 
The 74HC279A quad S-R latch. 





The Gated S-R Latch 


A gated latch requires an enable input, EN (G is also used to designate an enable input). The 
logic diagram and logic symbol for a gated S-R latch are shown in Figure 7-8. The S and R 
inputs control the state to which the latch will go when a HIGH level is applied to the EN input. 
The latch will not change until EN is HIGH; but as long as it remains HIGH, the output is con- 
trolled by the state of the S and R inputs. The gated latch is a level-sensitive device. In this cir- 
cuit, the invalid state occurs when both S and R are simultaneously HIGH and EN is also HIGH. 
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» FIGURE 7-8 
A gated S-R latch. 


EN 





R 





(a) Logic diagram (b) Logic symbol 





The Gated D Latch 


Another type of gated latch is called the D latch. It differs from the S-R latch because it 
has only one input in addition to EN. This input is called the D (data) input. Figure 7-10 
contains a logic diagram and logic symbol of a D latch. When the D input is HIGH and the 
EN input is HIGH, the latch will set. When the D input is LOW and EN is HIGH, the latch 
will reset. Stated another way, the output Q follows the input D when EN is HIGH. 





(a) Logic diagram (b) Logic symbol 


MultiSim A FIGURE 7-10 


bs A gated D latch. Open file F07-10 and verify the operation. 
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- IMPLEMENTATION: GATED D LATCH 


Fixed-Function Device An example of a gated D latch is the 74HC75 represented by the 
logic symbol in Figure 7-12(a). The device has four latches. Notice that each active-HIGH 
EN input is shared by two latches and is designated as a control input (C). The truth table 
for each latch is shown in Figure 7-12(b). The X in the truth table represents a “don’t care” 


condition. In this case, when the EN input is LOW, it does not matter what the D input is 
because the outputs are unaffected and remain in their prior states. 


Note: Qyis the prior output level before the indicated 
input conditions were established. 


(a) Logic symbol (b) Truth table (each latch) 


A FIGURE 7-12 
The 74HC75 quad D latch. 
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7-2 Flip-Flops 


The dynamic input indicator > 
means the flip-flop changes state 
only on the edge of a clock pulse. 


> FIGURE 7-13 


Edge-triggered flip-flop logic 


symbols (top: positive edge- 
triggered; bottom: negative 
edge-triggered). 


D flip-flop but D as variable. 








An edge-triggered flip-flop changes state either at the positive edge (rising edge) or at 
the negative edge (falling edge) of the clock pulse and is sensitive to its inputs only at this 
transition of the clock. Two types of edge-triggered flip-flops are covered in this section: D 
and J-K. The logic symbols for these flip-flops are shown in Figure 7—13. Notice that each 
type can be either positive edge-triggered (no bubble at C input) or negative edge-triggered 
(bubble at C input). The key to identifying an édge-triggered flip-flop by its logic symbol is 
the small triangle inside the block at the clock (C) input. This triangle is called the dynamic 
input indicator. 


Dynamic input 


indicator 
af Q J o 
> > C 
O Q K O Q 





(a) D 





The D Flip-Flop 


The D input of the D flip-flop is a synchronous input because data on the input are trans- 
ferred to the flip-flop's output only on the triggering edge of the clock pulse. When D is 
HIGH, the Q output goes HIGH on the triggering edge of the clock pulse, and the flip-flop 
is SET. When D is LOW, the Q output goes LOW on the triggering edge of the clock pulse, 
and the flip-flop is RESET. 

This basic operation of a positive edge-triggered D flip-flop is illustrated in Figure 7—14, 
and Table 7—2 is the truth table for this type of flip-flop. Remember, the flip-flop cannot 
change state except on the triggering edge of a clock pulse. The D input can be changed at 
any time when the clock input is LOW or HIGH (except for a very short interval around the 
triggering transition of the clock) without affecting the output. Just remember, Q follows D 
at the triggering edge of the clock. 





O Q 
(a) D = 1 flip-flop SETS on positive clock (b) D = 0 flip-flop RESETS on positive 
edge. (If already SET, it remains SET.) clock edge. (If already RESET, it remains 


RESET.) 


4 FIGURE 7-14 
Operation of a positive edge-triggered D flip-flop. 
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* TABLE 7-2 
Truth table for a positive edge- 
triggered D flip-flop. ` 


1 = clock transition LOW to HIGH 


The operation and truth table for a negative edge-triggered D flip-flop are the same as 
those for a positive edge-triggered device except that the falling edge of the clock pulse is 
the triggering edge. 


The J-K Flip-Flop 


The J and K inputs of the J-K flip-flop are synchronous inputs because data on these inputs 
are transferred to the flip-flop's output only on the triggering edge of the clock pulse. When 
J is HIGH and K is LOW, the Q output goes HIGH on the triggering edge of the clock 
pulse, and the flip-flop is SET. When J is LOW and K is HIGH, the Q output goes LOW on 
the triggering edge of the clock pulse, and the flip-flop is RESET. When both J and K are 
LOW, the output does not change from its prior state. When J and K are both HIGH, the 
flip-flop changes state. This called the toggle mode. 
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This basic operation of a positive edge-triggered flip-flop is illustrated in Figure 7-17, 
and Table 7—3 is the truth table for this type of flip-flop. Remember, the flip-flop cannot 
change state except on the triggering edge of a clock pulse. The J and K inputs can be 
changed at any time when the clock input is LOW or HIGH (except for a very short inlet 
around the triggering transition of the clock) without affecting the output. 


» FIGURE 7-17 
Operation of a positive edge- 
triggered J-K flip-flop. 





(a) J= 1, K = 0 flip-flop SETS on positive clock (b) J 0, K = 1 flip-flop RESETS on positive 
edge. (If already SET, it remains SET.) clock edge. (If already RESET, it remains 
RESET.) 





Q—-Q Q = Q, (no change) 
Q—Q Q 
(c) J - 1, K=1 flip-flop changes (d) J = 0, K = 0 flip-flop does not change. (If SET, it 
state (toggle). remains SET; if RESET, it remains RESET.) 


» TABLE 7-3 
Truth table for a positive edge- 
triggered J-K flip-flop. 





1 — clock transition LOW to HIGH 
Qo = output level prior to clock transition 
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Edge-Triggered Operation 
D Flip-Flop 


A simplified implementation of an edge-triggered D flip-flop is illustrated in Figure 7—19(a) 
and is used to demonstrate the concept of edge-triggering. Notice that the basic D flip-flop 
differs from the gated D latch only in that it has a pulse transition detector. 


FIGURE 7-19 
T Edge triggering. 


Ti 
ü EU. 
C 
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(a) A simplified logic diagram for a positive edge-triggered D flip-flop 


Short pulse (spike) produced by delay 
Delay (when both gate inputs are HIGH) 


dis 





c. AM Wes NN 
(b) A type of pulse transition detector 


One basic type of pulse transition detector is shown in Figure 7-19(b). As you can 
see, there is a small delay through the inverter on one input to the NAND gate so that the 
inverted clock pulse arrives at the gate input a few nanoseconds after the true clock pulse. 
This circuit produces a very short-duration spike on the positive-going transition of the 
clock pulse. In a negative edge-triggered flip-flop the clock pulse is inverted first, thus 
producing a narrow spike on the negative-going edge. 

The circuit in Figure 7—19(a) is partitioned into two sections, one labeled Steering gates 
and the other labeled Latch. The steering gates direct, or steer, the clock spike either to the 
input to gate G5 or to the input to gate G4, depending on the state of the D input. To under- 
stand the operation of this flip-flop, begin with the assumptions that it is in the RESET state 
(Q = 0) and that the D and CLK inputs are LOW. For this condition, the outputs of gate 
G; and gate G, are both HIGH. The LOW on the Q output is coupled back into one input of 
gate G4, making the Q output HIGH. Because Q is HIGH, both inputs to gate G3 are HIGH 
(remember, the output of gate G; is HIGH), holding the Q output LOW. If a pulse is applied 
to the CLK input, the outputs of gates G} and Gz remain HIGH because they are disabled 
by the LOW on the D input; therefore, there is no change in the state of the flip-flop—it 
remains in the RESET state. 
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The Q output of a D flip-flop Let's now make D HIGH and apply a clock pulse. Because the D input to gate G4 is 
assumes the state of the D inputon now HIGH, the output of gate G; goes LOW for a very short time (spike) when CLK goes 
the triggering edge of the clock. HIGH, causing the Q output to go HIGH. Both inputs to gate G4 are now HIGH (remember, 


gate G output is HIGH because D is HIGH), forcing the Q output LOW. This LOW on Q is 
coupled back into one input of gate G3, ensuring that the Q output will remain HIGH. The 
flip-flop is now in the SET state. Figure 7—20 illustrates the logic level transitions that take 
place within the flip-flop for this condition. 

Next, let's make D LOW and apply a clock pulse. The positive-going edge of the clock 
produces a negative-going spike on the output of gate G», causing the Q output to go 
HIGH. Because of this HIGH on Q, both inputs to gate G4 are now HIGH (remember, the 
output of gate G is HIGH because of the LOW on D), forcing the Q output to go LOW. 
This LOW on Q is coupled back into one input of gate G4, ensuring that Q will remain 
HIGH. The flip-flop is now in the RESET state. Figure 7—21 illustrates the logic level tran- 
sitions that occur within the flip-flop for this condition. 










» FIGURE 7-20 This gate is enabled. This spike SETS flip-flop. 
Flip-flop making a transition 
from the RESET state to the Triggering 
SET state on the positive- edge 
going edge of the clock pulse. b 
CLK o 
This gate is disabled because D is HIGH. 
This gate is disabled 
TEMUNE oe Os —— because D is LOW. 
Flip-flop making a transition 
from the SET state to the LOW (0) 
A Triggering D ; 
RESET state on the positive- edge 0 | a 
going edge of the clock pulse. X 


1 


0 Premi This spike RESETS flip-flop. 





This gate is enabled. 
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J-K Flip-Flop 


Figure 7—23 shows the basic internal logic for a positive edge-triggered J-K flip-flop. The 
Q output is connected back to the input of gate G2, and the Q output is connected back to 
the input of gate G;. The two control inputs are labeled J and K in honor of Jack Kilby, who 
invented the integrated circuit. A J-K flip-flop can also be of the negative edge-triggered 
type, in which case the clock input is inverted. 





transition 
detector 


CLK 






Let's assume that the flip-flop in Figure 7—24 is RESET and that the J input is HIGH and 
the K input is LOW rather than as shown. When a clock pulse occurs, a leading-edge spike 
indicated by (1) is passed through gate G, because Q is HIGH and J is HIGH. This will 
cause the latch portion of the flip-flop to change to the SET state. The flip-flop is now SET. 





If you make J LOW and K HIGH, the next clock spike indicated by (2) will pass through 
gate G because Q is HIGH and K is HIGH. This will cause the latch portion of the flip-flop 
to change to the RESET state. 

If you apply a LOW to both the J and K inputs, the flip-flop will stay in its present state 
when a clock pulse occurs. A LOW on both J and K results in a no-change condition. 

When both the J and K inputs are HIGH and the flip-flop is RESET, the HIGH on the 
Q enables gate G4; so the clock spike indicated by @ passes through to set the flip-flop. 
Now there is a HIGH on Q, which allows the next clock spike to pass through gate G, and 
reset the flip-flop. 

As you can see, on each successive clock spike, the flip-flop toggles to the opposite 
state. Figure 7—24 illustrates the transitions when the flip-flop is in the toggle mode. A J-K 
flip-flop connected for toggle operation is sometimes called a T flip-flop. 


Asynchronous Preset and Clear Inputs 


For the flip-flops just discussed, the D and J-K inputs are called synchronous inputs because 
data on these inputs are transferred to the flip-flop's output only on the triggering edge of 
the clock pulse; that is, the data are transferred synchronously with the clock. 


* FIGURE 7-23 
A simplified logic diagram for 
a positive edge-triggered J-K 
flip-flop. 


*« FIGURE 7-24 
Transitions illustrating flip-flop 
operation. 


In the toggle mode, a J-K flip-flop 
changes state on every clock pulse. 


An active preset input makes the Q 
output HIGH (SET). 
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An active clear input makes the Q 
output LOW (RESET). 





4 FIGURE 7-25 

Logic symbol for a D flip-flop 
with active-LOW preset and 
clear inputs. 


Most integrated circuit flip-flops also have asynchronous inputs. These are inputs that 
affect the state of the flip-flop independent of the clock. They are normally labeled preset 
(PRE) and clear (CLR), or direct set (Sp) and direct reset (Rp) by some manufacturers. An 
active level on the preset input will set the flip-flop, and an active level on the clear input 
will reset it. A logic symbol for a D flip-flop with preset and clear inputs is shown in Figure 
7—25. These inputs are active-LOW, as indicated by the bubbles. These preset and clear 
inputs must both be kept HIGH for synchronous operation. In normal operation, preset and 
clear would not be LOW at the same time. 

Figure 7-26 shows the logic diagram for an edge-triggered D flip-flop with active-LOW 
preset (PRE) and clear (CLR) inputs. This figure illustrates basically how these inputs 
work. As you can see, they are connected so that they override the effect of the synchronous 


input, D and the clock. 





å FIGURE 7-26 
Logic diagram for a basic D flip-flop with active-LOW preset and clear inputs. 
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Let's look at two specific edge-triggered flip-flops. They are representative of the vari- 
ous types of flip-flops available in fixed-function IC form and, like most other devices, are 
available in CMOS and in bipolar (TTL) logic families. 


IMPLEMENTATION: D FLIP-FLOP 


Fixed-Function Device The 74HC74 dual D flip-flop contains two identical D flip-flops 
that are independent of each other except for sharing Vcc and ground. The flip-flops are 
positive edge-triggered and have active-LOW asynchronous preset and clear inputs. The 
logic symbols for the individual flip-flops within the package are shown in Figure 7—28(a), 
and an ANSI/IEEE standard single block symbol that represents the entire device is shown 
in part (b). The pin numbers are shown in parentheses. 


(b) Single block logic symbol 
Note: The S and R inside the 


block indicate that PRE 
(a) Individual logic symbols SETS and CLR RESETS. 


4 FIGURE 7-28 
The 74HC74 dual positive edge-triggered D flip-flop. 
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MPLEMENTATION: J-K FLIP-FLOP 


Fixed-Function Device The 74HC112 dual J-K flip-flop has two identical flip-flops that 
are negative edge-triggered and have active-LOW asynchronous preset and clear inputs. - 


The logic symbols are shown in Figure 7—29. 


(4) 


3 í i 


(a) Individual logic symbols (b) Single block logic symbol 


4 FIGURE 7-29 


The 74HC112 dual negative edge-triggered J-K flip-flop. 
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7-3 Flip-Flop Operating Characteristics 





Propagation Delay Times 


A propagation delay time is the interval of time required after an input signal has been 
applied for the resulting output change to occur. Four categories of propagation delay times 
are important in the operation of a flip-flop: 


1. Propagation delay tpp as measured from the triggering edge of the clock pulse to the 
LOW-to-HIGH transition of the output. This delay is illustrated in Figure 7—31(a). 


2. Propagation delay tpz; as measured from the triggering edge of the clock pulse to the 
HIGH-to-LOW transition of the output. This delay is illustrated in Figure 7—31(b). 


5046 point on triggering edge 


CLK g \ CLK A 50% point \ 
! mm | ===- 


| 
| 


--~- 50% point on HIGH-to-LOW 
+— 50% point on LOW-to-HIGH Q : transition of Q 
5 "eA 
| 


| ic: 
I transition of Q 
| 





| | 


IPLH ' PHI, 


(a) (b) 


4 FIGURE 7-31 
Propagation delays, clock to output. 


3. Propagation delay tpzy as measured from the leading edge of the preset input to the 
LOW-to-HIGH transition of the output. This delay is illustrated in Figure 7—32(a) 
for an active-LOW preset input. — 


4. Propagation delay tpz, as measured from the leading edge of the clear input to the 
HIGH-to-LOW transition of the output. This delay is illustrated in Figure 7—32(b) 
for an active-LOW clear input. 


i 


| i Propagation delays, preset 


Q | sprit input to output and clear input 
to output. 





50% point 


(a) (b) 


Set-up Time 


The set-up time (¢,) is the minimum interval required for the logic levels to be maintained 
constantly on the inputs (J and K, or D) prior to the triggering edge of the clock pulse in 
order for the levels to be reliably clocked into the flip-flop. This interval is illustrated in 
Figure 7—33 for a D flip-flop. 


Chapter 7 Latches, Flip-Flops, and Timers [pe | 


» FIGURE 7-33 


Set-up time (tj). The logic level 


must be present on the D input 
for a time equal to or greater 
than t, before the triggering 
„edge of the clock pulse for 
reliable data entry. 


» FIGURE 7-34 


Hold time (t,). The logic level 


must remain on the D input for 
a time equal to or greater than 
t, after the triggering edge of 
the clock pulse for reliable data 
entry. 





D 2 50% point 
| 
| 
| 
| 
CLK 50% point on triggering edge 


| 

| l 

| | 

, PEN. 
Set-up time (f,) 


Hold Time 


The hold time (t,) is the minimum interval required for the logic levels to remain on the 
inputs after the triggering edge of the clock pulse in order for the levels to be reliably 
clocked into the flip-flop. This is illustrated in Figure 7-34 for a D flip-flop. 


D 50% point 
t 


CLK 









50% point on 
triggering edge 


Hold time (/,) 


Maximum Clock Frequency 


The maximum clock frequency (fax) is the highest rate at which a flip-flop can be reli- 
ably triggered. At clock frequencies above the maximum, the flip-flop would be unable to 
respond quickly enough, and its operation would be impaired. 


Pulse Widths 


Minimum pulse widths (ty) for reliable operation are usually specified by the manufacturer 
for the clock, preset, and clear inputs. Typically, the clock is specified by its minimum 
HIGH time and its minimum LOW time. 


Power Dissipation 


The power dissipation of any digital circuit is the total power consumption of the device. 
For example, if the flip-flop operates on a +5 V dc source and draws 5 mA of current, the 
power dissipation is 


P = Vcc X Icc = SV X SMA = 25mW 


The power dissipation is very important in most applications in which the capacity of 
the dc supply is a concern. As an example, let's assume that you have a digital system that 
requires a total of ten flip-flops, and each flip-flop dissipates 25 mW of power. The total 
power requirement is 


Pr = 10 X 25 mW = 250 mW = 0.25 W 


An advantage of CMOS is that it can operate over a wider range of dc supply voltages (typically 2 V 
to 6 V) than bipolar and, therefore, less expensive power supplies that do not have precise regula- 
tion can be used. Also, batteries can be used as secondary or primary sources for CMOS circuits. In 
addition, lower voltages mean that the IC dissipates less power. The drawback is that the perform- 
ance of CMOS is degraded with lower supply voltages. For example, the guaranteed maximum clock 
frequency of a CMOS flip-flop is much less at Vc; = 2 V than at Voc = 6 V. 
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This tells you the output capacity required of the dc supply. If the flip-flops operate on 
+5 V dc, then the amount of current that the supply must provide is 


_ 250 mW 


= 50mA 
5V 


You must use a +5 V dc supply that is capable of providing at least 50 mA of current. 


Comparison of Specific Flip-Flops 


Table 7—4 provides a comparison, in terms of the operating parameters discussed in this 
section, of four CMOS and bipolar (TTL) flip-flops of the same type but with different IC 
families (HC, AHC, LS, and F). 


“TABLE 7-4 
Comparison of operating 
parameters for four IC families 














































tpu; (CLK to Q) 17 ns 4.6 ns 40 ns 6.8 ns of flip-flops of the same type 
lprH (CLK to Q) 17 ns 4.6 ns 25 ns 8.0 ns at 25°C. 

tpi (CLR to Q) 18 ns 4.8 ns 40 ns 9.0 ns 

tp; (PRE to Q) 18 ns 4.8 ns 25 ns 6.1 ns 

t, (set-up time) 14 ns 5.0 ns 20 ns 2.0 ns 

tj, (hold time) 3.0 ns 0.5 ns 5 ns 1.0 ns 

tw (CLK HIGH) 10 ns 5.0 ns 25 ns 4.0 ns 

tw (CLK LOW) 10 ns 5.0 ns 25 ns 5.0 ns 

tw(CLR/PRE) 10 ns 5.0 ns 25 ns 4.0 ns 

f - 35 MHz 170 MHz 25 MHz 100 MHz 





Power, quiescent 0.012 mW 1.1 mW 


Power, 50% duty cycle 





7-4 Flip-Flop Applications 


Parallel Data Storage 


A common requirement in digital systems is to store several bits of data from parallel lines 
simultaneously in a group of flip-flops. This operation is illustrated in Figure 7—35(a) using 
four flip-flops. Each of the four parallel data lines is connected to the D input of a flip-flop. 
The clock inputs of the flip-flops are connected together, so that each flip-flop is triggered 
by the same clock pulse. In this example, positive edge-triggered flip-flops are used, so the 
data on the D inputs are stored simultaneously by the flip-flops on the positive edge of the 
clock, as indicated in the timing diagram in Figure 7—35(b). Also, the asynchronous reset 
(R) inputs are connected to a common CLR line, which initially resets all the flip-flops. 
This group of four flip-flops is an example of a basic register used for data storage. In 
digital systems, data are normally stored in groups of bits (usually eight or multiples thereof) 
that represent numbers, codes, or other information. Registers are covered in Chapter 8. 
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» FIGURE 7-35 
Example of flip-flops used in a Do 
basic register for parallel data 
storage. 
Do 
D, ! 
D; ! 
D, 
D; 
Parallel Parallel CLR | | | 
data data 
inputs outputs CLK | m 
| | 
| 
D; Qo 0 | 
Qı | | 
91 
Š | 
Q2 T | 
| 
Q5 ji | 
LLL eR RR m— 
D, Net 
Flip-flops Data 
CLK cleared stored 
(b) 
CLR’ 
(a) 
Frequency Division 
Another application of a flip-flop is dividing (reducing) the frequency of a periodic wave- 
form. When a pulse waveform is applied to the clock input of a D or J-K flip-flop that is 
connected to toggle (D = Q or J = K = 1), the Q output is a square wave with one-half 
the frequency of the clock input. Thus, a single flip-flop can be applied as a divide-by-2 
device, as is illustrated in Figure 7-36 for both a D and a J-K flip-flop. As you can see in 
part (c), the flip-flop changes state on each triggering clock edge (positive edge-triggered in 
this case). This results in an output that changes at half the frequency of the clock waveform. 
» FIGURE 7-36 
The D flip-flop and J-K flip-flop D Q 
as a divide-by-2 device. Q is 
CLK ai 0 
one-half the frequency of CLK. 
Open file F07-36 and verify b— 9 
the operation. 
MultiSim (a) (b) 
Ni 


| 240 | Digital Fundamentals, Eleventh Edition 





Further division of a clock frequency can be achieved by using the output of one flip- 
flop as the clock input to a second flip-flop, as shown in Figure 7—37. The frequency of 
the Q4 output is divided by 2 by flip-flop B. The Qg output is, therefore, one-fourth the 
frequency of the original clock input. Propagation delay times are not shown on the timing 


diagrams. 





By connecting flip-flops in this way, a frequency division of 2” is achieved, where n is 
the number of flip-flops. For example, three flip-flops divide the clock frequency by 2? = 8; 


four flip-flops divide the clock frequency by 2^ = 16; and so on. 





* FIGURE 7-37 


Example of two D flip-flops 


used to divide the clock 
frequency by 4. Q, is one- 

half and Q, is one-fourth the 
frequency of CLK. Open file 
F07-37 and verify the operation. 


em 
wap 
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Counting 


Another important application of flip-flops is in digital counters, which are covered in 
detail in Chapter 9. The concept is illustrated in Figure 7—40. Negative edge-triggered J-K 
flip-flops are used for illustration. Both flip-flops are initially RESET. Flip-flop A toggles 
on the negative-going transition of each clock pulse. The Q output of flip-flop A clocks 
flip-flop B, so each time Q4 makes a HIGH-to-LOW transition, flip-flop B toggles. The 
resulting Q4 and Qg waveforms are shown in the figure. 

Observe the sequence of Q4 and Qg in Figure 7—40. Prior to clock pulse 1, Q4 = 0 and 
Qpg = 0; after clock pulse 1, Q4 = 1 and Qg = 0; after clock pulse 2, Q4 = 0 and Qg = 1; 
and after clock pulse 3, Q4 = 1 and Qg = 1. If we take Q4 as the least significant bit, a 
2-bit sequence is produced as the flip-flops are clocked. This binary sequence repeats every 
four clock pulses, as shown in the timing diagram of Figure 7-40. Thus, the flip-flops are 
counting in sequence from 0 to 3 (00, 01, 10, 11) and then recycling back to 0 to begin the 


sequence again. 
» FIGURE 7-40 HIGH 
J-K flip-flops used to generate 
a binary count sequence (00, 
01, 10, 11). Two repetitions 
CLK 


are shown. 





Flip-flop A Flip-flop B 


Q, o[ 1 0 1 0 l 0 1 
l 1 I 1 I ! I I 
| L| l 1 1 | I |] 

a 01 0 | l | 1 | 0:0 | 1 | 1 | 

ef te 18 Lm i $ te te 

I L| 1 L| ! I I i] 

2 NEG AERES. PEUT teagan ee 
Binary Binary 


sequence sequence 
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7-5 One-Shots 


Figure 7—43 shows a basic one-shot (monostable multivibrator) that is composed of a A one-shot produces a single pulse 
logic gate and an inverter. When a pulse is applied to the trigger input, the output of gate each time it is triggered. 
G; goes LOW. This HIGH-to-LOW transition is coupled through the capacitor to the input 
of inverter G5. The apparent LOW on G, makes its output go HIGH. This HIGH is con- 
nected back into G4, keeping its output LOW. Up to this point the trigger pulse has caused 
the output of the one-shot, Q, to go HIGH. 


* FIGURE 7-43 
f A simple one-shot circuit. 


Trigger 





ry 
High Apparent LOW 


The capacitor immediately begins to charge through R toward the high voltage level. 
The rate at which it charges is determined by the RC time constant. When the capacitor 
charges to a certain level, which appears as a HIGH to G, the output goes back LOW. 

To summarize, the output of inverter G goes HIGH in response to the trigger input. It 
remains HIGH for a time set by the RC time constant. At the end of this time, it goes LOW. 
A single narrow trigger pulse produces a single output pulse whose time duration is con- 
trolled by the RC time constant. This operation is illustrated in Figure 7-43. 

A typical one-shot logic symbol is shown in Figure 7—44(a), and the same symbol with 
an external R and C is shown in Figure 7—44(b). The two basic types of IC one-shots are 
nonretriggerable and retriggerable. 

A nonretriggerable one-shot will not respond to any additional trigger pulses from the 
time it is triggered into its unstable state until it returns to its stable state. In other words, 
it will ignore any trigger pulses occurring before it times out. The time that the one-shot 
remains in its unstable state is the pulse width of the output. 

Figure 7-45 shows the nonretriggerable one-shot being triggered at intervals greater 
than its pulse width and at intervals less than the pulse width. Notice that in the second 
case, the additional pulses are ignored. 
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» FIGURE 7-44 

Basic one-shot logic symbols. 
CX and RX stand for external 
components. 


Trigger 7 





PFIGURE 7-45 č Trigger | | | | | | 


Nonretriggerable one-shot 


action. Q | | | | | 


These pulses are 


ignored by the 


Q | aa Ld 
u^ Boro 


A retriggerable one-shot can be triggered before it times out. The result of retriggering 
is an extension of the pulse width as illustrated in Figure 7—46. 


» FIGURE 7-46 Trigger | | Ee T ME. Lus e 
Retriggerable one-shot action. 
Rr seed TY lu 








(a) perpe 
Trigger 
aee Retriggers 
Q | 
(b) cm Re 


Nonretriggerable One-Shot 





YFIGURE 7-37.  qpe74121isan example of a nonretriggerable IC one-shot. It has provisions for external R 
Logic symbols for the 74121 and C, as shown in Figure 7-47. The inputs labeled Aj, A>, and B are gated trigger inputs. 
nonretriggerable one-shot. The Rynr input connects to a 2 kQ internal timing resistor. 
Ai 
Ay 
B 
R INT 
Cext 
Rext/Cext 
Rint Cext Rext/Cext 
(a) Traditional logic symbol (b) ANSI/IEEE std. 91—1984 logic symbol 


(X = nonlogic connection). “1.7L” is the 
qualifying symbol for a nonretriggerable 
one-shot. 
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Setting the Pulse Width 


A typical pulse width of about 30 ns is produced when no external timing components 
are used and the internal timing resistor (Rr) is connected to Vcc, as shown in Figure 
7-48(a). The pulse width can be set anywhere between about 30 ns and 28 s by the use of 
external components. Figure 7-48(b) shows the configuration using the internal resistor 
(2 kQ) and an external capacitor. Part (c) shows the configuration using an external resis- 
tor and an external capacitor. The output pulse width is set by the values of the resistor 
(Rr = 2 KQ, and Rgxr is selected) and the capacitor according to the following formula: 


ty — 0.7RC EXT Equation 7-1 


where R is either Rr or Rgxy. When R is in kilohms (k()) and Cẹgxyr is in picofarads (pF), 
the output pulse width tw is in nanoseconds (ns). 





ty = 0.7Rext Cext 


V, V 
CC cc Case 
(a) No external components (b) Rint and Cgx3 
Riwt to Vec ly = 0.7(2 KO)CExT 
fy = 30 ns 
A FIGURE 7-48 


Three ways to set the pulse width of a 74121. 


The Schmitt-Trigger Symbol 


The symbol /f indicates a Schmitt-trigger input. This type of input uses a special threshold 
circuit that produces hysteresis, a characteristic that prevents erratic switching between states 
when a slow-changing trigger voltage hovers around the critical input level. This allows reli- 
able triggering to occur even when the input is changing as slowly as 1 volt/second. 


Retriggerable One-Shot 


The 74L S122 is an example of a retriggerable IC one-shot with a clear input. It also has 
provisions for external R and C, as shown in Figure 7—49. The inputs labeled A,, A>, By, 
and B, are the gated trigger inputs. 


A minimum pulse width of approximately 45 ns is obtained with no external compo- 
nents. Wider pulse widths are achieved by using external components. A general formula 
for calculating the values of these components for a specified pulse width (ty) is 


0.7 
ty = 0.32RCgxT (1 T x) Equation 7-2 


where 0.32 is a constant determined by the particular type of one-shot, R is in k() and 
is either the internal or the.external resistor, CgxT is in pF, and ty is in ns. The internal 
resistance is 10 k() and can be used instead of an external resistor. (Notice the difference 
between this formula and that for the 74121, shown in Equation 7-1.) 
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R INT Cext Rext/Cexr 


(a) Traditional logic symbol _ (b) ANSIJEEE std. 91-1984 logic symbol 
(X = nonlogic connection). JL is the 
qualifying symbol for a retriggerable 
one-shot. 


4 FIGURE 7-49 
Logic symbol for the 74LS122 retriggerable one-shot. 
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An Application 


One practical one-shot application is a sequential timer that can be used to illuminate a 
series of lights. This type of circuit can be used, for example, in a lane change directional 
indicator for highway construction projects or in sequential turn signals on automobiles. 

Figure 7-51 shows three 74LS122 one-shots connected as a sequential timer. This par- 
ticular circuit produces a sequence of three 1 s pulses. The first one-shot is triggered by 
a switch closure or a low-frequency pulse input, producing a 1 s output pulse. When the 
first one-shot (OS 1) times out and the 1 s pulse goes LOW, the second one-shot (OS 2) is 
triggered, also producing a 1 s output pulse. When this second pulse goes LOW, the third 
one-shot (OS 3) is triggered and the third 1 s pulse is produced. The output timing is illus- 
trated in the figure. Variations of this basic arrangement can be used to produce a variety 
of timed outputs. 


ERRES 





Vec 


à FIGURE 7-51 
A sequential timing circuit using three 74LS122 one-shots. 
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The 555 Timer as a One-Shot 


The 555 timer is a versatile and widely used IC device because it can be configured in two 
different modes as either a monostable multivibrator (one-shot) or as an astable multivibra- 
tor (pulse oscillator). The astable multivibrator is discussed in Section 7—6. 


The 555 Timer Operation 


A functional diagram showing the internal components of a 555 timer is shown in 
Figure 7-52. The comparators are devices whose outputs are HIGH when the voltage on 
the positive (+) input is greater than the voltage on the negative (—) input and LOW when 
the — input voltage is greater than the + input voltage. The voltage divider consisting of 
three 5 kQ resistors provides a trigger level of '/; Voc and a threshold level of */3 Voc. The 
control voltage input (pin 5) can be used to externally adjust the trigger and threshold lev- 
els to other values if necessary. When the normally HIGH trigger input momentarily goes 
below UA Voc, the output of comparator B switches from LOW to HIGH and sets the S-R 
latch, causing the output (pin 3) to go HIGH and turning the discharge transistor Q; off. 
The output will stay HIGH until the normally LOW threshold input goes above V. Voc and 
causes the output of comparator A to switch from LOW to HIGH. This resets the latch, 

" causing the output to go back LOW and turning the discharge transistor on. The external 
reset input can be used to reset the latch independent of the threshold circuit. The trigger 
and threshold inputs (pins 2 and 6) are controlled by external components connected to 
produce either monostable or astable action. 


» FIGURE 7-52 "cc 
Internal functional diagram of 
a 555 timer (pin numbers are 
in parentheses). 







Threshold O 


Control O 
voltage 


O Output 


Trigger O 


Discharge O 
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GND Reset 


Monostable (One-Shot) Operation 


An external resistor and capacitor connected as shown in Figure 7—53 are used to set up the 
555 timer as a nonretriggerable one-shot. The pulse width of the output is determined by 
the time constant of R, and C, according to the following formula: 


ty = 1.1R,C, Equation 7—3 


The control voltage input is not used and is connected to a decoupling capacitor C> to pre- 
vent noise from affecting the trigger and threshold levels. 
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* FIGURE 7-53 
The 555 timer connected as a 


one-shot. 





Before a trigger pulse is applied, the output is LOW and the discharge transistor Q; 
is on, keeping C; discharged as shown in Figure 7—54(a). When a negative-going trigger 
pulse is applied at tọ, the output goes HIGH and the discharge transistor turns off, allowing 
capacitor C, to begin charging through R} as shown in part (b). When C; charges to '/; Voc, 
the output goes back LOW at t; and Q; turns on immediately, discharging C, as shown in 
part (c). As you can see, the charging rate of C, determines how long the output is HIGH. 





«FIGURE 7-54 
One-shot operation of the 555 
timer. 


(c) At end of charging interval 
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. EXAMPLE 7-313 bi is the Od pulse width for. a 555 sionbetable c circuit with 1 Rı = 22k0 and — 


Solution i 
From Equation 23 the pulse width i is 


wei LIC - tron vq uF) = 242 us 


Related Problem - 
For C, = 0.01 uF, determine the value of R, for a pulse width of 1 ms. 
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In normal operation, a one-shot produces only a single pulse, which can be difficult to measure 
on an oscilloscope because the pulse does not occur regularly. To obtain a stable display for 
test purposes, it is useful to trigger the one-shot from a pulse generator that is set to a longer 
period than the expected pulse width and trigger the oscilloscope from the same pulse. For very 
long pulses, either store the waveform using a digital storage oscilloscope or shorten the time 
constant by some known factor. For example, replace a 1000 uF capacitor with a 1 aF capaci- 
tor to shorten the time by a factor of 1000. A faster pulse is easier to see and measure with an 
oscilloscope. 





SECTION 7-5 l. Describe the difference between a nonretriggerable and a retriggerable one-shot. 
CHECKUP 2. How is the output pulse width set in most IC one-shots? 


3. What is the pulse width of a 555 timer one-shot when C — 1 MF and R = 10kO? 





7-6 The Astable Multivibrator 


Figure 7—55(a) shows a simple form of astable multivibrator using an inverter with 
hysteresis (Schmitt trigger) and an RC circuit connected in a feedback arrangement. When 
power is first applied, the capacitor has no charge; so the input to the Schmitt trigger 
inverter is LOW and the output is HIGH. The capacitor charges through R until the inverter 
input voltage reaches the upper trigger point (UTP), as shown in Figure 7—55(b). At this 
point, the inverter output goes LOW, causing the capacitor to discharge back through R, 
shown in part (b). When the inverter input voltage decreases to the lower trigger point 
(LTP), its output goes HIGH and the capacitor charges again. This charging/discharging 
cycle continues to repeat as long as power is applied to the circuit, and the resulting output 
is a pulse waveform, as indicated. 





T «PF 
) 


à FIGURE 7-55 NT 
Basic astable multivibrator using a Schmitt trigger. 
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The 555 Timer as an Astable Multivibrator 


A 555 timer connected to operate as an astable multivibrator is shown in Figure 7—56. 
Notice that the threshold input (THRESH) is now connected to the trigger input (TRIG). 
The external components R;, R», and C, form the timing network that sets the frequency of 
oscillation. The 0.01 uF capacitor, C5, connected to the control (CONT) input is strictly for 
decoupling and has no effect on the operation; in some cases it can be left off. 


(decoupling optional) 





Initially, when the power is turned on, the capacitor (Cj) is uncharged and thus the 
trigger voltage (pin 2) is at 0 V. This causes the output of comparator B to be HIGH and 
the output of comparator A to be LOW, forcing the output of the latch, and thus the base 
of Qj, LOW and keeping the transistor off. Now, C; begins charging through R; and R3, 
as indicated in Figure 7-57. When the capacitor voltage reaches A Voc, comparator B 
switches to its LOW output state; and when the capacitor voltage reaches yz Voc, compara- 
tor A switches to its HIGH output state. This resets the latch, causing the base of Q, to go 
HIGH and turning on the transistor. This sequence creates a discharge path for the capaci- 
tor through R, and the transistor, as indicated. The capacitor now begins to discharge, 
causing comparator A to go LOW. At the point where the capacitor discharges down to 
v Vcc, comparator B switches HIGH; this sets the latch, making the base of Q, LOW and 
turning off the transistor. Another charging cycle begins, and the entire process repeats. The 


+ Vcc 


a 
4- 4— + + 


Charging 
4e. dim iod es db, die e de e n Meo 








“FIGURE 7-56 

The 555 timer connected 
as an astable multivibrator 
(oscillator). 


“FIGURE 7-57 
Operation of the 555 timer in 
the astable mode. 
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result is a rectangular wave output whose duty cycle depends on the values of R, and R3. 
The frequency of oscillation is given by the following formula, or it can be found using the 
graph in Figure 7—58. 


EET 
(Ry + 2Rj)C; 


arcu WINIE- 
INNA 


TNN 


* 4 Equation 7—4 


100 






10 






C; (HF) 


0.1 


å FIGURE 7-58 
Frequency of oscillation as a function of C, and R, + 2A,. The sloped lines are 
values of R,  2F.. 


By selecting R; and R>, the duty cycle of the output can be adjusted. Since C, charges 
through R; + R, and discharges only through R>, duty cycles approaching a minimum 
of 50 percent can be achieved if Ry >> R; so that the charging and discharging times are 
approximately equal. 

An expression for the duty cycle is developed as follows. The time that the output is 
HIGH (ty) is how long it takes C; to charge from UA Vec to V Vcc. It is expressed as 


ty = 0.7(R, RC, Equation 7-5 


The time that the output is LOW (tz) is how long it takes C, to discharge from '/; Voc to 
V Vcc. It is expressed as 


tj, = 0.7R5C, Equation 7—6 


The period, T, of the output waveform is the sum of ty and tz. This is the reciprocal of f in 
Equation 7-4. 


T = tg + tj = 0.7(R, + 2R5)C, 
Finally, the duty cycle is 





EE nnie 
Duty cycle = T ix 
D ] Lis MAS 100% Equation 7-7 
uty cycle = uation 7— 
y R, + 2R; p q 


To achieve duty cycles of less than 50 percent, the circuit in Figure 7-56 can be modi- 
fied so that C, charges through only R4 and discharges through R2. This is achieved with a 
diode, D4, placed as shown in Figure 7—59. The duty cycle can be made less than 50 percent 
by making R; less than R>. Under this condition, the expression for the duty cycle is 


Ri 


JI Equation 7-8 


Duty cycle — ( 
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* FIGURE 7-59 

The addition of diode D, allows 
the duty cycle of the output to 
be adjusted to less than 50 


percent by making R, < R». 
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JUIL Answers are at the end of the chapter. 





1. A latch has two stable states. 

2. A latch is considered to be in the SET state when the Q output is LOW. 

3. A gated D latch must be enabled in order to change state. 

4. Flip-flops and latches are both bistable devices. 

5. An edge-triggered D flip-flop changes state whenever the D input changes. 
6. A clock input is necessary for an edge-triggered flip-flop. 

7 


. When both the J and K inputs are HIGH, an edge-triggered J-K flip-flop changes state on each 
clock pulse. 


8. A one-shot is also known as an astable multivibrator. 
9. When triggered, a one-shot produces a single pulse. 


10. The 555 timer can be used as a one-shot or as a pulse oscillator. 


ey Tod ^ dea 
swers are at the end of the chapter. 





1. If an S-R latch has a 1 on the S input and a 0 on the R input and then the S input goes to 0, the 
latch will be 
(a) set (b) reset (c) invalid (d) clear 


2. The invalid state of an S-R latch occurs when 
(a) S=1,R=0 (b) S=0,R=1 
(o S=1,R=1 (d) S=0,R=0 


3. For a gated D latch, the Q output always equals the D input 
(a) before the enable pulse 
(b) during the enable pulse 
(c) immediately after the enable pulse 
(d) answers (b) and (c) 


4. Like the latch, the flip-flop belongs to a category of logic circuits known as 
(a) monostable multivibrators 
(b) bistable multivibrators 
(c) astable multivibrators 
(d) one-shots 


5. The purpose of the clock input to a flip-flop is to 
(a) clear the device 
(b) set the device 
(c) always cause the output to change states 
(d) cause the output to assume a state dependent on the controlling (J-K or D) inputs. 
6. For an edge-triggered D flip-flop, 
(a) a change in the state of the flip-flop can occur only at a clock pulse edge 
(b) the state that the flip-flop goes to depends on the D input 
(c) the output follows the input at each clock pulse 
(d) all of these answers 
7. A feature that distinguishes the J-K flip-flop from the D flip-flop is the 
(a) toggle condition (b) preset input 
(c) type of clock (d) clear input 
8. A flip-flop is in the toggle condition when 
(a) J=1,K =0 (b) J=1,K=1 
(c) J=0,K=0 (dd J=0,K = 1 


9. A J-K flip-flop with J = 1 and K = 1 has a 10 kHz clock input. The Q output is 


(a) constantly HIGH (b) constantly LOW 

(c) a 10 kHz square wave (d) a 5 kHz square wave 
10. A one-shot is a type of 

(a) monostable multivibrator (b) astable multivibrator 

(c) timer (d) answers (a) and (c) 


(e) answers (b) and (c) 

11. The output pulse width of a nonretriggerable one-shot depends on 
(a) the trigger intervals (b) the supply voltage 
(c) a resistor and capacitor (d) the threshold voltage 
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12. An astable multivibrator 


(a) requires a periodic trigger input (b) has no stable state 
(c) is an oscillator (d) produces a periodic pulse output 
. (e) answers (a), (b), (c), and (d) (f) answers (b), (c), and (d) only 





Ans vers to odd-numbered problems are at the end of the book. 





Section 7-1 Latches 


1. If the waveforms in Figure 7-61 are applied to an active-LOW input S-R latch, draw the result- 
ing Q output waveform in relation to the inputs. Assume that Q starts LOW. 





» FIGURE 7-61 
rj 
R 
2. Solve Problem 1 for the input waveforms in Figure 7—62 applied to an active-HIGH S-R latch 
» FIGURE 7-62 
3. Solve Problem 1 for the input waveforms in Figure 7—63. 
» FIGURE 7-63 


Pu IMP rcu. 


4. For a gated S-R latch, determine the Q and Q outputs for the inputs in Figure 7-64. Show them 
in proper relation to the enable input. Assume that Q starts LOW. 


» FIGURE 7-64 "rug iwriuat: oia 
S S Q 


5. Determine the output of a gated D latch for the inputs in Figure 7—65. 


» FIGURE 7-65 EN | | | | | | | | | | | | | | 
EL A nbus osi ^ bum 


6. Determine the output of a gated D latch for the inputs in Figure 7—66. 


» FIGURE 7-66 EN | | 





» FIGURE 7-67 


W 


» FIGURE 7-69 


» FIGURE 7-70 


» FIGURE 7-71 


» FIGURE 7-72 
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7. For a gated D latch, the waveforms shown in Figure 7—67 are observed on its inputs. Draw 
the timing diagram showing the output waveform you would expect to see at Q if the latch is 
initially RESET. 


Section 7-2 Flip-Flops 


8. Two edge-triggered J-K flip-flops are shown in Figure 7—68. If the inputs are as shown, draw 
the Q output of each flip-flop relative to the clock, and explain the difference between the two. 
The flip-flops are initially RESET. 


ax JLJLLL IL EL. Q J o 
J | | | CLK CLK DC 
K | | Q K o— Q 





(a) (b) 
4 FIGURE 7-68 
9. The Q output of an edge-triggered D flip-flop is shown in relation to the clock signal in Figure 


7—69. Determine the input waveform on the D input that is required to produce this output if 
the flip-flop is a positive edge-triggered type. 


10. Draw the Q output relative to the clock for a D flip-flop with the inputs as shown in 
Figure 7-70. Assume positive edge-triggering and Q initially LOW. 


12. For a positive edge-triggered D flip-flop with the input as shown in Figure 7-72, determine the 
Q output relative to the clock. Assume that Q starts LOW. 
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13. Solve Problem 12 for the input in Figure 7-73. 


» FIGURE 7-73 cix [] [] [1 [1 [1] [1 [] [1 
D d 


14. Determine the Q waveform relative to the clock if the signals shown in Figure 7—74 are applied 
to the inputs of the J-K flip-flop. Assume that Q is initially LOW. 





15. For a negative edge-triggered J-K flip-flop with the inputs in Figure 7-75, develop the Q output 
waveform relative to the clock. Assume that Q is initially LOW. 


16. The following serial data are applied to the flip-flop through the AND gates as indicated in 
Figure 7-76. Determine the resulting serial data that appear on the Q output. There is one clock 
pulse for each bit time. Assume that Q is initially O and that PRE and CLR are HIGH. Right- 
most bits are applied first. 

Ji:1010011;J5:0111010;74:1111000; K:0001110; K5:1101100; 
K3:1010101 

17. For the circuit in Figure 7-76, complete the timing diagram in Figure 7-77 by showing the Q 

output (which is initially LOW). Assume PRE and CLR remain HIGH. 





å FIGURE 7-76 À FIGURE 7-77 
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18. Solve Problem 17 with the same J and K inputs but with the PRE and CLR inputs as shown in 
Figure 7-78 in relation to the clock. 


> FIGURE 7-78 CLK | | | | | | | | | | | | 


W 


Section 7-3 Flip-Flop Operating Characteristics 
19. What determines the power dissipation of a flip-flop? 


Š 20. Typically, a manufacturer’s data sheet specifies four different propagation delay times associ- 
ated with a flip-flop. Name and describe each one. 


21. The data sheet of a certain flip-flop specifies that the minimum HIGH time for the clock pulse 
is 30 ns and the minimum LOW time is 37 ns. What is the maximum operating frequency? 


22. The flip-flop in Figure 7-79 is initially RESET. Show the relation between the Q output and 
the clock pulse if propagation delay tp; 4 (clock to Q) is 8 ns. 


» FIGURE 7-79 a 


CLK zl] in 


+32 ns-*l 





23. The direct current required by a particular flip-flop that operates on a +5 V dc source is found 
to be 10 mA. A certain digital device uses 15 of these flip-flops. Determine the current capacity 
required for the +5 V dc supply and the total power dissipation of the system. 


24. For the circuit in Figure 7-80, determine the maximum frequency of the clock signal for reli- 
able operation if the set-up time for each flip-flop is 2 ns and the propagation delays (tpz and 
tpy,) from clock to output are 5 ns for each flip-flop. 


» FIGURE 7-80 


Flip-flop B 





CLK 


Section 7-4 Flip-Flop Applications 


25. A D flip-flop is connected as shown in Figure 7-81. Determine the Q output in relation to the 
clock. What specific function does this device perform? 


» FIGURE 7-81 
MUN qc pO Na; urne D Q 
! Gk FU Lire "i C 
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» FIGURE 7-82 


26. For the circuit in Figure 7-80, develop a timing diagram for eight clock pulses, showing the Q4 
and Qg outputs in relation to the clock. 


Section 7-5 One-Shots 


27. Determine the pulse width of a 74121 one-shot if the external resistor is 3.3 kQ and the exter- 
nal capacitor is 2000 pF. 


28. An output pulse of 5 us duration is to be generated by a 74LS122 one-shot. Using a capacitor 
of 10,000 pF, determine the value of external resistance required. 


29. Create a one-shot, using a 555 timer that will produce a 0.25 s output pulse. 


Section 7-6 The Astable Multivibrator 


30. A 555 timer is configured to run as an astable multivibrator as shown in Figure 7-82. Deter- 
mine its frequency. 





Output 


31. Determine the values of the external resistors for a 555 timer used as an astable multivibrator 
with an output frequency of 20 kHz, if the external capacitor C is 0.002 uF and the duty cycle 
is to be approximately 7596. 





SECTION CHECKUPS 

Section 7-1 Latches 
1. Three types of latches are S-R, gated S-R, and gated D. 
2. SR = 00, NC; SR = 01, Q = 0; SR = 10, Q = 1; SR = 11, invalid 
3.Q0=1 


Section 7-2 Flip-Flops 


1. The output of a gated D latch can change any time the gate enable (EN) input is active. The 
output of an edge-triggered D flip-flop can change only on the triggering edge of a clock pulse. 


2. The output of a J-K flip-flop is determined by the state of its two inputs whereas the output of a 
D flip-flop follows the input. 


3. Output Q goes HIGH on the trailing edge of the first clock pulse, LOW on the trailing edge of 
the second pulse, HIGH on the trailing edge of the third pulse, and LOW on the trailing edge of 
the fourth pulse. 


Section 7-3 Flip-Flop Operating Characteristics 


1. (a) Set-up time is the time required for input data to be present before the triggering edge of 
the clock pulse. 


(b) Hold time is the time required for data to remain on the inputs after the triggering edge of 
the clock pulse. 


2. The 74AHC74 can be operated at the highest frequency, according to Table 7—4. 
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» FIGURE 7-83 


» FIGURE 7-88 





Section 7-4 Flip-Flop Applications 
1. A group of data storage flip-flops is a register. 
2. For divide-by-2 operation, the flip-flop must toggle (D — Q). 
3. Six flip-flops are used in a divide-by-64 device. 


Section 7-5 One-Shots 


1. A nonretriggerable one-shot times out before it can respond to another trigger input. A retrig- 
gerable one-shot responds to each trigger input. 


2. Pulse width is set with external R and C components. 
3. 11 ms. 


Section 7-6 The Astable Multivibrator 
1. An astable multivibrator has no stable state. A monostable multivibrator has one stable state. 
2. Duty cycle = (15 ms/20 ms)100% = 75% 


RELATED PROBLEMS FOR EXAMPLES 
7-1 The Q output is the same as shown in Figure 7—5(b). 
7-2 SeeFigure 7-83. 





7-3 SeeFigure 7-84. 
7-4 See Figure 7-85. 


CLK 9 [i] 21 IL mL mL re 
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EN D X * 4 Q MER NE LL aa 
BU E] HA LI Wope: FO gy, in 
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7-5 SeeFigure 7-86. 
7-6 See Figure 7-87. 


4 FIGURE 7-86 AFIGURE 7-87 


7-7 See Figure 7-88. 
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» FIGURE 7-89 


» FIGURE 7-90 


7-8 See Figure 7-89. 
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7-9 2° = 32. Five flip-flops are required. 
7-10 Sixteen states require four flip-flops (2^ — 16). 


7-11 Cex; = 7143 pF connected from CX to RX/CX of the 74121 with no external resistor. 


7-12 Cexr = 560 pF, Rgxr = 27 KQ. See Figure 7-90. 


+5V 74LS122 





Trigger 


7-13 R, = 91 KQ 
7-14 Duty cycle = 32% 


TRUE/FALSE QUIZ 


SELF-TEST 


45V 
Er 2. F A T 4. T SE Br Je T .F 
1. (a) 2. (c) 3. (d) 4. (b) S. (d) 6. (d) 


7. (a) 8. (b) 9. (d) 10. (d) 11. (c) 
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8-1 Shift Register Operations 8-4 Shift Register Counters 
8-2 Types of Shift Register Data I/Os 8-5 Shift Register Applications 
8-3 Bidirectional Shift Registers 8-6 | Logic Symbols with Dependency Notation 


8-1 Shift Register Operations 


A register can consist of one or 
more flip-flops used to store and 


A register is a digital circuit with two basic functions: data storage and data movement. 
The storage capability of a register makes it an important type of memory device. Figure 8-1 


shift data. illustrates the concept of storing a 1 or a 0 in a D flip-flop. A 1 is applied to the data input as 
shown, and a clock pulse is applied that stores the 1 by setting the flip-flop. When the 1 on the 
input is removed, the flip-flop remains in the SET state, thereby storing the 1. A similar pro- 
cedure applies to the storage of a 0 by resetting the flip-flop, as also illustrated in Figure 8-1. 
| is stored and appears on output. 0 is stored and appears on output. 
1 D oT 0 D Q [o 
| | 
| When a 1 is on D, When a 0 is on D, 
CLK J5 pe Q becomes a 1 at the CLK 2g siis Q becomes a 0 at the 
triggering edge of CLK triggering edge of CLK 
or remains a 1 if already or remains a 0 if already 
in the SET state. in the RESET state. 
4 FIGURE 8-1 


The flip-flop as a storage element. 


The storage capacity of a register is the total number of bits (1s and Os) of digital data 
it can retain. Each stage (flip-flop) in a shift register represents one bit of storage capacity; 
therefore, the number of stages in a register determines its storage capacity. 

The shift capability of a register permits the movement of data from stage to stage 
within the register or into or out of the register upon application of clock pulses. Figure 8—2 
illustrates the types of data movement in shift registers. The block represents any arbitrary 
4-bit register, and the arrows indicate the direction of data movement. 
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peni 
Data out Data out 
(d) Serial in/parallel out (e) Parallel in/parallel out | (f) Rotate right (g) Rotate left 
A FIGURE 8-2 


Basic data movement in shift registers. (Four bits are used for illustration. The bits 
move in the direction of the arrows.) 





8-2 Types of Shift Register Data I/Os 


Serial In/Serial Out Shift Registers 


The serial in/serial out shift register accepts data serially—that is, one bit at a time on a 
single line. It produces the stored information on its output also in serial form. Let's first 
look at the serial entry of data into a typical shift register. Figure 8-3 shows a 4-bit device 
implemented with D flip-flops. With four stages, this register can store up to four bits of 
data. 





Serial data output 


Serial data output 





CLK 


4 FIGURE 8-3 
Serial in/serial out shift register. 





Table 8-1 shows the entry of the four bits 1010 into the register in Figure 8-3, begin- 
ning with the least significant bit. The register is initially clear. The 0 is put onto the data 
input line, making D = 0 for FFO. When the first clock pulse is applied, FFO is reset, thus 
storing the 0. 
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» TABLE 8-1 

Shifting a 4-bit code into the 
shift register in Figure 8-3. 
Data bits are indicated by a 
beige screen. 





= 


For serial data, one bit at a time is 
transferred. 


» TABLE 8-2 

Shifting a 4-bit code out of the 
shift register in Figure 8-3. 
Data bits are indicated by a 
beige screen. 








Next the second bit, which is a 1, is applied to the data input, making D = 1 for FFO and 
D = 0 for FF1 because the D input of FF1 is connected to the Qo output. When the second 
clock pulse occurs, the 1 on the data input is shifted into FFO, causing FFO to set; and the 0 
that was in FFO is shifted into FF1. 

The third bit, a 0, is now put onto the data-input line, and a clock pulse is applied. The 
0 is entered into FFO, the 1 stored in FFO is shifted into FF1, and the 0 stored in FF1 is 
shifted into FF2. 

The last bit, a 1, is now applied to the data input, and a clock pulse is applied. This time 
the 1 is entered into FFO, the O stored in FFO is shifted into FF1, the 1 stored in FF1 is 
shifted into FF2, and the 0 stored in FF2 is shifted into FF3. This completes the serial entry 
of the four bits into the shift register, where they can be stored for any length of time as long 
as the flip-flops have dc power. 

If you want to get the data out of the register, the bits must be shifted out serially to the 
Q3 output, as Table 8—2 illustrates. After CLK4 in the data-entry operation just described, 
the LSB, 0, appears on the Q4 output. When clock pulse CLKS is applied, the second bit 
appears on the Q, output. Clock pulse CLK6 shifts the third bit to the output, and CLK7 
shifts the fourth bit to the output. While the original four bits are being shifted out, more 
bits can be shifted in. All zeros are shown being shifted in, after CLK8. 





Initial 1 0 1 0 
5 0 1 0 1 
6 0 0 1 0 
7 0 0 0 1 
8 0 0 0 0 
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A traditional logic block symbol for an 8-bit serial in/serial out shift register is shown in 
Figure 8-5. The “SRG 8” designation indicates a shift register (SRG) with an 8-bit capacity. 


«FIGURE 8-5 ! 
Logic symbol for an 8-bit serial 
in/serial out shift register. 





Serial In/Parallel Out Shift Registers 


Data bits are entered serially (least-significant bit first) into a serial in/parallel out shift 
register in the same manner as in serial in/serial out registers. The difference is the way 
in which the data bits are taken out of the register; in the parallel output register, the out- 
put of each stage is available. Once the data are stored, each bit appears on its respective 
output line, and all bits are available simultaneously, rather than on a bit-by-bit basis as 
with the serial output. Figure 8—6 shows a 4-bit serial in/parallel out shift register and its 
logic block symbol. Y FIGURE 8-6 
A serial in/parallel out shift. 


Data input register : 


Data input 


CLK 





Qo Qi Q Q; 


(a) (b) 
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IMPLEMENTATION: 8-BIT SERIAL IN/PARALLEL OUT SHIFT REGISTER 


Fixed-Function Device The 74HC164 is an example of a fixed-function IC shift register 
having serial in/parallel out operation. The logic block symbol is shown in Figure 8-8. 
This device has two gated serial inputs, A and B, and an asynchronous clear (CLR) input 
that is active-LOW. The parallel outputs are Qo through Q7. 

A sample timing diagram for the 74HC164 is shown in Figure 8-9. Notice that 
the serial input data on input A are shifted into and through the register after input B 
goes HIGH. 


| 


Qo Qı Q2 Q; Q4 Qs Q6 Q7 


4 FIGURE 8-8 
The 74HC164 8-bit serial in/ 
parallel out shift register. 


» FIGURE 8-9 
Sample timing diagram 
for a 74HC164 shift register. 
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Parallel In/Serial Out Shift Registers 


For a register with parallel data inputs, the bits are entered simultaneously into their respec- 
tive stages on parallel lines rather than on a bit-by-bit basis on one line as with serial data 
inputs. The serial output is the same as in serial in/serial out shift registers, once the data 
are completely stored in the register. 

Figure 8-10 illustrates a 4-bit parallel in/serial out shift register and a typical logic sym- For parallel data, multiple bits are 
bol. There are four data-input lines, Do, D1, D2, and D3, and a SHIFT/LOAD input, which transferred at one time. 
allows four bits of data to load in parallel into the register. When SHIFT/LOAD is LOW, 
gates G; through Gy, are enabled, allowing each data bit to be applied to the D input of its 
respective flip-flop. When a clock pulse is applied, the flip-flops with D — 1 will set and 
those with D = 0 will reset, thereby storing all four bits simultaneously. 

When SHIFT/LOAD is HIGH, gates G; through Gy, are disabled and gates Gs through 
G7 are enabled, allowing the data bits to shift right from one stage to the next. The OR gates 
allow either the normal shifting operation or the parallel data-entry operation, depending 
on which AND gates are enabled by the level on the SHIFT/LOAD input. Notice that FFO 
has a single AND to disable the parallel input, Do. It does not require an AND/OR arrange- 
ment because there is no serial data in. 3 

















Do D, D; D; 


SHIFT/LOAD 


Serial 
data 
out 





CLK 
(a) Logic diagram 

Data in 
ee 
Dy Dj Dz Dj 
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4 FIGURE 8-10 MultiSim 
A 4-bit parallel in/serial out shift register. Open file FO8-10 to verify operation. 4 
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IMPLEMENTATION: 8-BIT PARALLEL LOAD SHIFT REGISTER 


Fixed-Function Device The 74HC165 is an example of a fixed-function IC shift reg- 
ister that has a parallel in/serial out operation (it can also be operated as serial in/serial 
out). Figure 8-12 shows a typical logic block symbol. A LOW on the SHIFT/LOAD input 
(SH/LD) enables asynchronous parallel loading. Data can be entered serially on the SER 
input. Also, the clock can be inhibited anytime with a HIGH on the CLK INH input. The 
serial data outputs of the register are Q} and its complement Q}. This implementation is | 
different from the synchronous method of parallel loading previously discussed, demon- 
strating that there are usually several ways to accomplish the same function. 


Dy D, D; D; D, Ds De Dy 





SHILD 
SER 
CLK INH 
CLK 





â FIGURE 8-12 
The 74HC165 8-bit parallel load shift register. 


Figure 8-13 is a timing diagram showing an example of the operation of a 74HC165 
shift register. 
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» FIGURE 8-13 
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Parallel In/Parallel Out Shift Registers 


Parallel entry and parallel output of data have been discussed. The parallel in/parallel out 
register employs both methods. Immediately following the simultaneous entry of all data 
bits, the bits appear on the parallel outputs. Figure 8-14 shows a parallel in/parallel out 
shift register. 


Parallel data inputs 





Parallel data outputs 


À FIGURE 8-14 
A parallel in/parallel out register. 
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IMPLEMENTATION: 4-BIT PARALLEL-ACCESS SHIFT REGISTER 


Fixed-Function Device The 74HC195 can be used for parallel it/parallel out operation. 
Because it also has a serial input, it can be used for serial in/serial out and serial in/parallel 
out operations. It can be used for parallel in/serial out operation by using Q3 as the output. 
A typical logic block symbol is shown in Figure 8-15. 


Dy D, Dj; D 


» FIGURE 8-15 
The 74HC195 4-bit parallel 
access shift register. 
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SHILD 
CLR 

CLK 





When the SHIFT/LOAD input (SH/LD) is LOW, the data on the parallel inputs are 
entered synchronously on the positive transition of the clock. When (SH/LD) is HIGH, 
stored data will shift right (Qo to Q3) synchronously with the clock. Inputs J and K are the 
serial data inputs to the first stage of the register (Qo); Q5 can be used for serial output data. 
The active-LOW clear input is asynchronous. 


The timing diagram in Figure 8—16 illustrates the operation of this register. 
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4 FIGURE 8-16 
Sample timing diagram for a 74HC195 shift register. 
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8-3 Bidirectional Shift Registers 


A 4-bit bidirectional shift register is shown in Figure 8-17. A HIGH on the RIGHT/LEFT 
control input allows data bits inside the register to be shifted to the right, and a LOW 
enables data bits inside the register to be shifted to the left. An examination of the gating 
logic will make the operation apparent. When the RIGHT/LEFT control input is HIGH, 
gates G; through G4 are enabled, and the state of the Q output of each flip-flop is passed 
through to the D input of the following flip-flop. When a clock pulse occurs, the data bits . 
are shifted one place to the right. When the RIGHT/LEFT control input is LOW, gates Gs 
through Gg are enabled, and the Q output of each flip-flop is passed through to the D input 
of the preceding flip-flop. When a clock pulse occurs, the data bits are then shifted one 
place to the left. ' 





RIGHT/LEFT 


Serial 
data in 





Qo Q; Q; Q3 


å FIGURE 8-17 
Four-bit bidirectional shift register. Open file F08-17 to verify the operation. SQ 
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IMPLEMENTATION: 4-BIT BIDIRECTIONAL UNIVERSAL SHIFT REGISTER 


Fixed-Function Device The 74HC194 is an example of a universal bidirectional shift 
register in integrated circuit form. A universal shift register has both serial and parallel 
input and output capability. A logic block symbol is shown in Figure 8-19, and a sample 
timing diagram is shown in Figure 8-20. 

Parallel loading, which is synchronous with a positive transition of the clock, is accom- 
plished by applying the four bits of data to the parallel inputs and a HIGH to the Sọ and 5, 
inputs. Shift right is accomplished synchronously with the positive edge of the clock when 
So is HIGH and 5, is LOW. Serial data in this mode are entered at the shift-right serial 
input (SR SER). When Sp is LOW and S, is HIGH, data bits shift left synchronously with 
the clock, and new data are entered at the shift-left serial input (SL SER). Input SR SER 
goes into the Qo stage, and SL SER goes into the Q; stage. 








A FIGURE 8-19 
The 74HC194 4-bit bidirectional universal shift register. 
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Sample timing diagram for a 74HC194 shift register. 





8-4 Shift Register Counters 


The Johnson Counter 


In a Johnson counter the complement of the output of the last flip-flop is connected back 
to the D input of the first flip-flop (it can be implemented with other types of flip-flops 
as well). If the counter starts at O, this feedback arrangement produces a characteristic 
sequence of states, as shown in Table 8-3 for a 4-bit device and in Table 8—4 for a 5-bit 
device. Notice that the 4-bit sequence has a total of eight states, or bit patterns, and that 
the 5-bit sequence has a total of ten states. In general, a Johnson counter will produce a 
modulus of 2n, where n is the number of stages in the counter. 

The implementations of the 4-stage and 5-stage Johnson counters are shown in Figure 8-21. 
The implementation of a Johnson counter is very straightforward and is the same regardless 
of the number of stages. The Q output of each stage is connected to the D input of the next 
stage (assuming that D flip-flops are used). The single exception is that the Q output of the 
last stage is connected back to the D input of the first stage. As the sequences in Table 8—3 
and 8-4 show, if the counter starts at 0, it will “fill up" with 1s from left to right, and then 
it will “fill up" with Os again. 
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» TABLE 8-3 
Four-bit Johnson sequence. 
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» TABLE 8-4 
* Five-bit Johnson sequence. 
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» FIGURE 8-21 
Four-bit and 5-bit Johnson 
counters. 

CLK 

(a) Four-bit Johnson counter 

CLK 

(b) Five-bit Johnson counter 

Diagrams of the timing operations of the 4-bit and 5-bit counters are shown in Figures 
8—22 and 8-23, respectively. 

» FIGURE 8-22 CLK 1 2 3 4 5 6 7 8 
Timing sequence for a 4-bit i t 
Johnson counter. Qo a ae a T e e Eea 
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«FIGURE 8-23 
Timing sequence for a 5-bit 


I I 
I 
Qo | | ' ! Johnson counter. 


The Ring Counter 


A ring counter utilizes one flip-flop for each state in its sequence. It has the advantage 
that decoding gates are not required. In the case of a 10-bit ring counter, there is a unique 
output for each decimal digit. 

A logic diagram for a 10-bit ring counter is shown in Figure 8-24. The sequence for this 
ring counter is given in Table 8—5. Initially, a 1 is preset into the first flip-flop, and the rest of 
the flip-flops are cleared. Notice that the interstage connections are the same as those for a 
Johnson counter, except that Q rather than Q is fed back from the last stage. The ten outputs 
of the counter indicate directly the decimal count of the clock pulse. For instance, a 1 on Qo 
represents a zero, a 1 on Q; represents a one, a 1 on Q, represents a two, a 1 on Q; represents a 
three, and so on. You should verify for yourself that the 1 is always retained in the counter and 
simply shifted “around the ring,” advancing one stage for each clock pulse. 


PRE 








CLR 

cx Xd ee 

å FIGURE 8-24 MultiSim 

A 10-bit ring counter. Open file F08-24 to verify operation. SS 

j mes 3 jp us Sy <TABLE 8-5 





Ten-bit ring counter sequence. 
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0 
0 
0 
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0 
0 
l 
0 
0 
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Modified sequences can be achieved by having more than a single 1 in the counter, as 
illustrated in Example 8-5. 
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8-5 Shift Register Applications 


Time Delay 


A serial in/serial out shift register can be used to provide a time delay from input to output 
that is a function of both the number of stages (n) in the register and the clock frequency. 

When a data pulse is applied to the serial input as shown in Figure 8—26, it enters the first 
stage on the triggering edge of the clock pulse. It is then shifted from stage to stage on each 
successive clock pulse until it appears on the serial output n clock periods later. This time- 
delay operation is illustrated in Figure 8-26, in which an 8-bit serial in/serial out shift register 
is used with a clock frequency of 1 MHz to achieve a time delay (t4) of 8 us (8 X 1 ps). This 
time can be adjusted up or down by changing the clock frequency. The time delay can also be 
increased by cascading shift registers and decreased by taking the outputs from successively 
lower stages in the register if the outputs are available, as illustrated in Example 8-6. 
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«FIGURE 8-26 
The shift register as a time- 
delay device. 
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IMPLEMENTATION: A RING COUNTER 


Fixed-Function Device If the output is connected back to the serial input, a shift register 
can be used as a ring counter. Figure 8—29 illustrates this application with a 74HC195 4-bit 
shift register. 


» FIGURE 8-29 


74HC195 connected as a 
ring counter. (6) D; 


SRG4 


Initially, a bit pattern of 1000 (or any other pattern) can be synchronously preset into 
the counter by applying the bit pattern to the parallel data inputs, taking the SH/LD input 


LOW, and applying a clock pulse. After this initialization, the 1 continues to circulate 
through the ring counter, as the timing diagram in Figure 8—30 shows. 


4 FIGURE 8-30 
Timing diagram showing two complete cycles of the ring counter in Figure 8-29 when 
it is initially preset to 1000. 





Serial-to-Parallel Data Converter 


Serial data transmission from one digital system to another is commonly used to reduce the 
number of wires in the transmission line. For example, eight bits can be sent serially over 
one wire, but it takes eight wires to send the same data in parallel. 

Serial data transmission is widely used by peripherals to pass data back and forth to a 
computer. For example, USB (universal serial bus) is used to connect keyboards printers, 
scanners, and more to the computer. All computers process data in parallel form, thus the 
requirement for serial-to-parallel conversion. A simplified serial-to-parallel data converter, 
in which two types of shift registers are used, is shown in Figure 8-31. 
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4 FIGURE 8-31 
Simplified logic diagram of a serial-to-parallel converter. 


To illustrate the operation of this serial-to-parallel converter, the serial data for- 
mat shown in Figure 8-32 is used. It consists of eleven bits. The first bit (start bit) is 
always 0 and always begins with a HIGH-to-LOW transition. The next eight bits (D7 
through Do) are the data bits (one of the bits can be parity), and the last one or two 
bits (stop bits) are always 1s. When no data are being sent, there is a continuous HIGH 
on the serial data line. 


| Stop, Stop 
bit (1), bit (1 





A FIGURE 8-32 
Serial data format. 


The HIGH-to-LOW transition of the start bit sets the control flip-flop, which enables 
the clock generator. After a fixed delay time, the clock generator begins producing a pulse 
waveform, which is applied to the data-input register and to the divide-by-8 counter. The 
clock has a frequency precisely equal to that of the incoming serial data, and the first clock 
pulse after the start bit occurs during the first data bit. 

The timing diagram in Figure 8—33 illustrates the following basic operation: The eight 
data bits (D7 through D) are serially shifted into the data-input register. Shortly after the 
eighth clock pulse, the terminal count (TC) goes from LOW to HIGH, indicating the coun- 
ter is at the last state. This rising edge is ANDed with the clock pulse, which is still HIGH, 
producing a rising edge at TC * CLK. This parallel loads the eight data bits from the data- 
input shift register to the data-output register. A short time later, the clock pulse goes LOW 
and this HIGH-to-LOW transition triggers the one-shot, which produces a short-duration 
pulse to clear the counter and reset the control flip-flop and thus disable the clock genera- 
tor. The system is now ready for the next group of eleven bits, and it waits for the next 
HIGH-to-LOW transition at the beginning of the start bit. 


By reversing the process just stated, parallel-to-serial data conversion can be PAXSUP AM 
Since the serial data format must be produced, start and stop bits must be added to the sequence. 
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Universal Asynchronous Receiver Transmitter (UART) 


As mentioned, computers and microprocessor-based systems often send and receive data in 
a parallel format. Frequently, these systems must communicate with external devices that 
send and/or receive serial data. An interfacing device used to accomplish these conversions 
is the UART (Universal Asynchronous Receiver Transmitter). Figure 8—34 illustrates the 
UART in a general microprocessor-based system application. 
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External 
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A UART includes both serial-to-parallel and parallel-to-serial conversion, as shown in 
the block diagram in Figure 8—35. The data bus is basically a set of parallel conductors 
along which data move between the UART and the microprocessor system. Buffers inter- 
face the data registers with the data bus. 


Data bus «FIGURE 8-35 
Basic UART block diagram. 
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CLK 
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The UART receives data in serial format, converts the data to parallel format, and places 
them on the data bus. The UART also accepts parallel data from the data bus, converts the 
data to serial format, and transmits them to an external device. 


Keyboard Encoder 


The keyboard encoder is a good example of the application of a shift register used as a 
ring counter in conjunction with other devices. Recall that a simplified computer keyboard 
encoder without data storage was presented in Chapter 6. 

Figure 8—36 shows a simplified keyboard encoder for encoding a key closure in a 64-key 
matrix organized in eight rows and eight columns. Two parallel in/parallel out 4-bit shift 
registers are connected as an 8-bit ring counter with a fixed bit pattern of seven 1s and one 
0 preset into it when the power is turned on. Two priority encoders (introduced in Chapter 
6) are used as eight-line-to-three-line encoders (9 input HIGH, 8 output unused) to encode 
the ROW and COLUMN lines of the keyboard matrix. A parallel in/parallel out register 
(key code) stores the ROW/COLUMN code from the priority encoders. 

The basic operation of the keyboard encoder in Figure 8-36 is as follows: The ring 
counter "scans" the rows for a key closure as the clock signal shifts the 0 around the coun- 
ter at a 5 kHz rate. The 0 (LOW) is sequentially applied to each ROW line, while all other 
ROW lines are HIGH. All the ROW lines are connected to the ROW encoder inputs, so the 
3-bit output of the ROW encoder at any time is the binary representation of the ROW line 
that is LOW. When there is a key closure, one COLUMN line is connected to one ROW 
line. When the ROW line is taken LOW by the ring counter, that particular COLUMN line 
is also pulled LOW. The COLUMN encoder produces a binary output corresponding to the 
COLUMN in which the key is closed. The 3-bit ROW code plus the 3-bit COLUMN code 
uniquely identifies the key that is closed. This 6-bit code is applied to the inputs of the key 
code register. When a key is closed, the two one-shots produce a delayed clock pulse to 
parallel-load the 6-bit code into the key code register. This delay allows the contact bounce 
to die out. Also, the first one-shot output inhibits the ring counter to prevent it from scan- 
ning while the data are being loaded into the key code register. 

The 6-bit code in the key code register is now applied to a ROM (read-only memory) 
to be converted to an appropriate alphanumeric code that identifies the keyboard character. 
ROMS are studied in Chapter 11. 
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Simplified keyboard encoding circuit. 
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8-6 Logic Symbols with Dependency Notation 


The logic symbol for a 74HC164 8-bit serial in/parallel out shift register is shown in 
Figure 8-37. The common control inputs are shown on the notched block. The clear (CLR) 
input is indicated by an R (for RESET) inside the block. Since there is no dependency 
prefix to link R with the clock (C1), the clear function is asynchronous. The right arrow 
symbol after C1 indicates data flow from Qọ to Q7. The A and B inputs are ANDed, as 
indicated by the embedded AND symbol, to provide the synchronous data input, 1D, to the 
first stage (Qo). Note the dependency of D on C, as indicated by the 1 suffix on C and the 
1 prefix on D. 

Figure 8-38 is the logic symbol for the 74HC194 4-bit bidirectional universal shift 
register. Starting at the top left side of the control block, note that the CLR input is active- 
LOW and is asynchronous (no prefix link with C). Inputs Sp and S; are mode inputs that 
determine the shift-right, shift-left, and parallel load modes of operation, as indicated by 
the g dependency designation following the M. The 2 represents the binary states of 0, 1, 
2, and 3 on the Sọ and 5, inputs. When one of these digits is used as a prefix for another 
input, a dependency is established. The 1 — /2 «— symbol on the clock input indicates the 
following: 1 — indicates that a right shift (Qo toward Q3) occurs when the mode inputs (So, S1) 
are in the binary | state (Sy = 1, Sı = 0), 2«— indicates that a left shift (Q4 toward Qo) 
occurs when the mode inputs are in the binary 2 state (So = 0, S, = 1). The shift-right 
serial input (SR SER) is both mode-dependent and clock-dependent, as indicated by 1, 4D. 
The parallel inputs (Do, D1, D2, and D3) are all mode-dependent (prefix 3 indicates parallel 
load mode) and clock-dependent, as indicated by 3, 4D. The shift-left serial input (SL SER) 
is both mode-dependent and clock-dependent, as indicated by 2, 4D. 

The four modes for the 74HC194 are summarized as follows: 


Do nothing: So = 0,S; —0 (mode 0) 
Shift right: So = 1,8; = 0 (mode 1, as in 1, 4D) 
Shift left: So = 0,5; = 1 (mode 2, as in 2, 4D) 
Parallel load: So = LS, 1 (mode 3, as in 3, 4D) 





SL SER 





å FIGURE 8-37 À FIGURE 8-38 
Logic symbol for the 74HC164. Logic symbol for the 74HC194. 
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FALSE QUIZ — Answers are at the end of the chaper 





. Shift registers consist of an arrangement of flip-flops. 

. Two functions of a shift register are data storage and data movement. 
. In a serial shift register, several data bits are entered at the same time. 
. All shift registers are defined by specified sequences. 

. A shift register can have both parallel and serial outputs. 


W 


. A shift register with four stages can store a maximum count of fifteen. 
. The Johnson counter is a special type of shift register. 


The modulus of an 8-bit Johnson counter is eight. 


Ve 9 n |! uw oU Son 


. A ring counter uses one flip-flop for each state in its sequence. 


— 
= 


. A shift register can be used as a time delay device. 


SEL 








l. A stage in a shift register consists of 


(a) a latch (b) a flip-flop 
] (c) a byte of storage (d) four bits of storage 

2. To serially shift a byte of data into a shift register, there must be 
(a) one clock pulse (b) one load pulse 
(c) eight clock pulses (d) one clock pulse for each 1 in the data 

3. To parallel load a byte of data into a shift register with a synchronous load, there must be 
(a) one clock pulse (b) one clock pulse for each 1 in the data 
(c) eight clock pulses (d) one clock pulse for each 0 in the data 


4. The group of bits 10110101 is serially shifted (right-most bit first) into an 8-bit parallel output 
shift register with an initial state of 11100100. After two clock pulses, the register contains 


(a) 01011110 (b) 10110101 
(c) 01111001 (d) 00101101 
5. With a 100 kHz clock frequency, eight bits can be serially entered into a shift register in 
(a) 80 us (b) 8 us 
(c) 80 ms (d) 10 us 
6. With a 1 MHz clock frequency, eight bits can be parallel entered into a shift register 
(a) in 8 us 
(b) in the propagation delay time of eight flip-flops 
(c) in 1 us 


(d) in the propagation delay time of one flip-flop 


7. A modulus-10 Johnson counter requires 


(a) ten flip-flops (b) four flip-flops 

(c) five flip-flops (d) twelve flip-flops 
8. A modulus-10 ring counter requires a minimum of 

(a) ten flip-flops (b) five flip-flops 

(c) four flip-flops (d) twelve flip-flops 


9. When an 8-bit serial in/serial out shift register is used for a 24 us time delay, the clock 
frequency must be 
(a) 41.67 kHz (b) 333 kHz 
(c) 125 kHz (d) 8 MHz 


10. The purpose of the ring counter in the keyboard encoding circuit of Figure 8—36 is 
(a) to sequentially apply a HIGH to each row for detection of key closure 
(b) to provide trigger pulses for the key code register 
(c) to sequentially apply a LOW to each row for detection of key closure 
(d) to sequentially reverse bias the diodes in each row 





~ Answers to odd-numbered problems are at the end of the book. 





Section 8-1 Shift Register Operations 


1. Why are shift registers considered basic memory devices? 


2. What is the storage capacity of a register that can retain two bytes of data? 


3. Name two functions of a shift register. 
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Section 8-2 Types of Shift Register Data l/Os 


4. The sequence 1011 is applied to the input of a 4-bit serial shift register that is initially cleared. 
What is the state of the shift register after three clock pulses? 


5. For the data input and clock in Figure 8—39, determine the states of each flip-flop in the shift 
register of Figure 8—3 and show the Q waveforms. Assume that the register contains all 1s 
initially. 


» FIGURE 8-39 CLK |. [1 [1 [1 ig male gy [1 Ii IL T] [1 [1 
paige wg ge dae DM A d — 01 € UU 
Serial data input [ | | a ET Li E 
6. Solve Problem 5 for the waveforms in Figure 8—40. 
» FIGURE 8-40 ax I1 I ITLILILILAILJLA 
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| I I | | i I 
Serial data input 


7. What is the state of the register in Figure 8—41 after each clock pulse if it starts in the 


101001111000 state? 
» FIGURE 8-41 Serial data in D SRG 12 
Serial data out 
CLK DC 
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Serial data in i | i 


8. For the serial in/serial out shift register, determine the data-output waveform for the data-input 
and clock waveforms in Figure 8—42. Assume that the register is initially cleared. 


Serial data in 
Serial data out 





CLK 


Setar aaa tei ( 3 rE E 73 I 
4 FIGURE 8-42 


9. Solve Problem 8 for the waveforms in Figure 8—43. 


Serial data in kraal | Lo d Rb or TF EU 


10. A leading-edge clocked serial in/serial out shift register has a data-output waveform as shown 
in Figure 8—44. What binary number is stored in the 8-bit register if the first data bit out (left- 
most) is the LSB? 


» FIGURE 8-44 č aaa oe Te Cae T! 
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11. Show a complete timing diagram including the parallel outputs for the shift register in Figure 
8—6. Use the waveforms in Figure 8—42 with the register initially clear. 


12. Solve Problem 11 for the input waveforms in Figure 8—43. 


13. Develop the Qo through Q- outputs for a 74HC164 shift register with the input waveforms 
shown in Figure 8-45. 


P-FIGURE 8-45 SEU dell. Au LL LS 





z 14. The shift register in Figure 8—46(a) has SHIFT/ LOAD and CLK inputs as shown in part (b). 
The serial data input (SER) is a 0. The parallel data inputs are Do = 1, D, — 0, D» = 1, and 
D, — 0 as shown. Develop the data-output waveform in relation to the inputs. 


Dy Dj D; D3 


E 1 10 |1 [O0 CLK 


SHIFT/LOAD o SRG 4 i - i i i l 


SER — SHIFTILOAD | [7 — Li |J 


CLK >C 
(a) (b) 


4 FIGURE 8-46 


15. The waveforms in Figure 8—47 are applied to a 74HC165 shift register. The parallel inputs are 
all 0. Determine the Q7 waveform. 
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16. Solve Problem 15 if the parallel inputs are all 1. 
17. Solve Problem 15 if the SER input is inverted. 


18. Determine all the Q output waveforms for a 74HC195 4-bit shift register when the inputs are as 
shown in Figure 8—48. 


» FIGURE 8-48 ox LOLOL LLELLU 
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19. 
20. 


Data in 
RIGHT/LEFT 
CLK 


» FIGURE 8-50 


» FIGURE 8-51 





Solve Problem 18 if the SH/LD input is inverted and the register is initially clear. 


Use two 74HC195 shift registers to form an 8-bit shift register. Show the required 
connections. 


Section 8-3 Bidirectional Shift Registers 


21. 


For the 8-bit bidirectional register in Figure 8—49, determine the state of the register after each 
clock pulse for the RIGHT/LEFT control waveform given. A HIGH on this input enables a shift 
to the right, and a LOW enables a shift to the left. Assume that the register is initially storing 
the decimal number seventy-six in binary, with the right-most position being the LSB. There is 
a LOW on the data-input line. 
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4 FIGURE 8-49 


22. 


23. 


24. 


Solve Problem 21 for the waveforms in Figure 8—50. 


cx JL.IL. ILULCIEÉAE ILL. 
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Use two 74HC194 4-bit bidirectional shift registers to create an 8-bit bidirectional shift 
register. Show the connections. 


Determine the Q outputs of a 74HC194 with the inputs shown in Figure 8-51. Inputs Do, Dj, 
D», and D3 are all HIGH. 


Section 8-4 Shift Register Counters 


25. 


26. 


27. 


How many flip-flops are required to implement each of the following in a Johnson counter 
configuration: 


(a) modulus-6 
(b) modulus-10 
(c) modulus-14 
(d) modulus-16 


Draw the logic diagram for a modulus-18 Johnson counter. Show the timing diagram and write 
the sequence in tabular form. 

For the ring counter in Figure 8-52, show the waveforms for each flip-flop output with respect 
to the clock. Assume that FFO is initially SET and that the rest are RESET. Show at least ten 
clock pulses. 
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» FIGURE 8-53 





å FIGURE 8-52 


28. The waveform pattern in Figure 8—53 is required. Devise a ring counter, and indicate how it can 
be preset to produce this waveform on its Qo output. At CLK16 the pattern begins to repeat. 


Section 8-5 Shift Register Applications 
29. Use 74HC195 4-bit shift registers to implement a 16-bit ring counter. Show the connections. 





30. What is the purpose of the power-on LOAD input in Figure 8-36? 
31. What happens when two keys are pressed simultaneously in Figure 8—36? 





SECTION CHECKUPS 
Section 8-1 Shift Register Operations 
1. The number of stages. 


2. Storage and data movement are two functions of a shift register. 


Section 8-2 Types of Shift Register Data I/Os 


1. FFO: data input to Jo, data input to Ko; FF1: Qo to Jı, Qo to K1; FF2: Q; to Jp, Q; to Kp; 
FF3: Q> to J3, Q> to K3 


. Eight clock pulses 
. 0100 after 2 clock pulses 
. Take the serial output from the right-most flip-flop for serial out operation. 


. When SHIFT/LOAD is HIGH, the data are shifted right one bit per clock pulse. When 
SHIFT/LOAD is LOW, the data on the parallel inputs are loaded into the register. 


6. The parallel load operation is asynchronous, so it is not dependent on the clock. 
7. The data outputs are 1001. 


Un 4 U N 


8. Qo = 1 after one clock pulse 


Section 8-3 Bidirectional Shift Registers 
1. 1111 after the fifth clock pulse 


Section 8-4 Shift Register Counters 
1. Sixteen states are in an 8-bit Johnson counter sequence. 
2. For a 3-bit Johnson counter: 000, 100, 110, 111, 011, 001, 000 
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Section 8-5 Shift Register Applications 
1. 625 scans/second 


2. 050403020109 = 011011 | 

3. The diodes provide unidirectional paths for pulling the ROWs LOW and preventing HIGHs 
on the ROW lines from being connected to the switch matrix. The resistors pull the COLUMN 
lines HIGH. 


Section 8-6 Logic Symbols with Dependency Notation 
1. No inputs are dependent on the mode inputs being in the 0 state. 
2. Yes, the parallel load is synchronous with the clock as indicated by the 4D label. 


RELATED PROBLEMS FOR EXAMPLES 
8-1 See Figure 8—54. 


» FIGURE 8-54 ak JU HWHH 


Q2 a ee oe LL The output is 0,0,050,Q, = 00101 


i after 5 clock pulses. 


8-2 The state of the register after three additional clock pulses is 0000. 
8-3 See Figure 8-55. 
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8-4 See Figure 8-56. 
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8-5 See Figure 8-57. 


» FIGURE 8-57 ax [iL [2L pl [4 [531 [el [7L [sl [sl fol. 
Cun aln c est ONCRT TRUE PN l 


8-6 f= 1/3 us = 333 kHz 
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General Models of Finite State Machines 


A Moore state machine consists of combinational logic that determines the sequence and 
memory (flip-flops), as shown in Figure 9—1(a). A Mealy state machine is shown in part (b). 


Outputs 


Combinational 


Memory Outputs Input(s) Memory 


logic 





Present state 


(a) Moore machine (b) Mealy machine 


å FIGURE 9-1 
Two types of sequential logic. 





In the Moore machine, the combinational logic is a gate array with outputs that deter- 
mine the next state of the flip-flops in the memory. There may or may not be inputs to the 
combinational logic. There may also be output combinational logic, such as a decoder. If 
there is an input(s), it does not affect the outputs because they always correspond to and 
are dependent only on the present state of the memory. For the Mealy machine, the present 
state affects the outputs, just as in the Moore machine; but in addition, the inputs also affect 
the outputs. The outputs come directly from the combinational logic and not the memory. 


Example of a Moore Machine 


Figure 9-2(a) shows a Moore machine (modulus-26 binary counter with states 0 through 
25) that is used to control the number of tablets (25) that go into each bottle in an assem- 
bly iine. When the binary number in the memory (flip-flops) reaches binary twenty-five 
(11001), the counter recycles to 0 and the tablet flow and clock are cut off until the next 
bottle is in place. The combinational logic for the state transitions sets the modulus of the 
counter so that it sequences from binary state 0 to binary state 25, where 0 is the reset or 
rest state and the output combinational logic decodes binary state 25. There is no input in 
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this case, other than the clock, so the next state is determined only by the present state, 
which makes this a Moore machine. One tablet is bottled for each clock pulse. Once a 
bottle is in place, the first tablet is inserted at binary state 1, the second at binary state 2, 
and the twenty-fifth tablet when the binary state is 25. Count 25 is decoded and used to 
stop the flow of tablets and the clock. The counter stays in the O state until the next bottle 
is in position (indicated by a 1). Then the clock resumes, the count goes to 1, and the cycle 
repeats, as illustrated by the state diagram in Figure 9—2(b). 





Clock 








Modulus 26 counter 


Combinational 
logic for state 
transitions 


Output 
(binary state 25) 


(a) Moore machine (b) State diagram 


4 FIGURE 9-2 

A fixed-modulus binary counter as an example of a Moore state machine. The dashed 
line in the state diagram means the states between binary 1 and 25 are not shown for 
simplicity. 


Example of a Mealy Machine 


Let's assume that the tablet-bottling system uses three different sizes of bottles: a 25-tablet 
bottle, a 50-tablet bottle, and a 100-tablet bottle. This operation requires a state machine with 
three different terminal counts: 25, 50, and 100. One approach is illustrated in Figure 9—3(a). 
The combinational logic sets the modulus of the counter depending on the modulus-select 
inputs. The output of the counter depends on both the present state and the modulus-select 
inputs, making this a Mealy machine. The state diagram is shown in part (b). 


Bottle not in place 


Modulus-select inputs 
25 50100 


Combinational : 
logic for the state Flip-flops 
transitions 


logic for Output 
decoding count (final state) 
25 or 50 or 100 





Present state - 
(a) Mealy machine (b) State diagram 


4 FIGURE 9-3 

A variable-modulus binary counter as an example of a Mealy state machine. The 

red arrows in the state diagram represent the recycle paths that depend on the input 
number. The black dashed lines mean the interim states are not shown for simplicity. 


Bottle not in place 
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9-2 Asynchronous Counters 


The clock input of an asynchronous 
counter is always connected only to 
the LSB flip-flop. 


» FIGURE 9-4 
A 2-bit asynchronous binary 
counter. Open file F09-04 to 
verify operation. A Multisim 
tutorial is available on the 
website. 

MultiSim 


~ 


Asynchronous counters are also 
known as ripple counters. 


» FIGURE 9-5 

Timing diagram for the counter 
of Figure 9—4. As in previous 
chapters, output waveforms 
are shown in green. 


A 2-Bit Asynchronous Binary Counter 


Figure 9—4 shows a 2-bit counter connected for asynchronous operation. Notice that the clock 
(CLK) is applied to the clock input (C) of only the first flip-flop, FFO, which is always the 
least significant bit (LSB). The second flip-flop, FF1, is triggered by the Qo output of FFO. 
FFO changes state at the positive-going edge of each clock pulse, but FF1 changes only when 
triggered by a positive-going transition of the Qo output of FFO. Because of the inherent 
propagation delay time through a flip-flop, a transition of the input clock pulse (CLK) and a 
transition of the Qo output of FFO can never occur at exactly the same time. Therefore, the 
two flip-flops are never simultaneously triggered, so the counter operation is asynchronous. 





The Timing Diagram 


Let's examine the basic operation of the asynchronous counter of Figure 9—4 by applying four 
clock pulses to FFO and observing the Q output of each flip-flop. Figure 9—5 illustrates the 
changes in the state of the flip-flop outputs in response to the clock pulses. Both flip-flops are 
connected for toggle operation (D — Q) and are assumed to be initially RESET (Q LOW). 

The positive-going edge of CLK1 (clock pulse 1) causes the Qo output of FFO to go 
HIGH, as shown in Figure 9-5. At the same time the Qo output goes LOW, but it has no 
effect on FF1 because a positive-going transition must occur to trigger the flip-flop. After 
the leading edge of CLK1, Qo = 1 and Q; = 0. The positive-going edge of CLK2 causes 
Qo to go LOW. Output Qo goes HIGH and triggers FF1, causing Q; to go HIGH. After the 
leading edge of CLK2, Qo = 0 and Q; = 1. The positive-going edge of CLK3 causes Qo 
to go HIGH again. Output Qo goes LOW and has no effect on FF1. Thus, after the leading 
edge of CLK3, Qo = 1 and Q; = 1. The positive-going edge of CLK4 causes Qy to go 
LOW, while Qo goes HIGH and triggers FF1, causing Q; to go LOW. After the leading 
edge of CLK4, Qo = 0 and Q, = 0. The counter has now recycled to its original state 
(both flip-flops are RESET). 


Outputs 4 Qo (LSB) | | | | 


Qı (MSB) | | 
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In the timing diagram, the waveforms of the Qo and Q; outputs are shown relative to the 
clock pulses as illustrated in Figure 9—5. For simplicity, the transitions of Qo, Q1, and the 
clock pulses are shown as simultaneous even though this is an asynchronous counter. There 
is, of course, some small delay between the CLK and the Qp transition and between the Qo 
transition and the Q; transition. 

Note in Figure 9—5 that the 2-bit counter exhibits four different states, as you would 
expect with two flip-flops (2? = 4). Also, notice that if Qo represents the least significant 
bit (LSB) and Qj represents the most significant bit (MSB), the sequence of counter states 
represents a sequence of binary numbers as listed in Table 9-1. 

Since it goes through a binary sequence, the counter in Figure 9—4 is a binary counter. It 
actually counts the number of clock pulses up to three, and on the fourth pulse it recycles 
to its original state (Qo = 0, Q; = 0). The term recycle is commonly applied to counter 
operation; it refers to the transition of the counter from its final state back to its original state. 


A 3-Bit Asynchronous Binary Counter 


The state sequence for a 3-bit binary counter is listed in Table 9—2, and a 3-bit asynchronous 
binary counter is shown in Figure 9—6(a). The basic operation is the same as that of the 2-bit 
counter except that the 3-bit counter has eight states, due to its three flip-flops. A timing 
diagram is shown in Figure 9—6(b) for eight clock pulses. Notice that the counter progresses 
through a binary count of zero through seven and then recycles to the zero state. This counter 
can be easily expanded for higher count, by connecting additional toggle flip-flops. 










Initially 
l 


Q = SS O OOO N 
O m= OO = OC OS 
oO O m O m= Om © 


2 
3 
4 
5 
6 
7 
8 


(recycles) 








CLK 1 2 3 4 5 6 7 8 


Qo (LSB) 0 1 0 l 0 l 0 | 0 








Q,(MSB) 01 0 


(b) be Recycles back to 0 





In digital logic, Qo is always the LSB 
unless otherwise specified. 


Y TABLE 9-1 
Binary state sequence for the 
counter in Figure 9—4. 






Initially 






4 (recycles) 


* TABLE 9-2 





State sequence for a 3-bit 
binary counter. 


«FIGURE 9-6 

Three-bit asynchronous binary 
counter and its timing diagram 
for one cycle. Open file F09- 
06 to verify operation. 
MultiSim 
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Propagation Delay 


Asynchronous counters are commonly referred to as ripple counters for the following 
reason: The effect of the input clock pulse is first “felt” by FFO. This effect cannot get to 
FF1 immediately because of the propagation delay through FFO. Then there is the propa- 
gation delay through FF1 before FF2 can be triggered. Thus, the effect of an input clock 
pulse “ripples” through the counter, taking some time, due to propagation delays, to reach 
the last flip-flop. 

To illustrate, notice that all three flip-flops in the counter of Figure 9—6 change state on 
the leading edge of CLK4. This ripple clocking effect is shown in Figure 9—7 for the first 
four clock pulses, with the propagation delays indicated. The LOW-to-HIGH transition of 
Qo occurs one delay time (tp; jj) after the positive-going transition of the clock pulse. The 
LOW-to-HIGH transition of Q, occurs one delay time (tpz) after the positive-going tran- 
sition of Qo. The LOW-to-HIGH transition of Q, occurs one delay time (tpp) after the 
positive-going transition of Q;. As you can see, FF2 is not triggered until two delay times 
after the positive-going edge of the clock pulse, CLK4. Thus, it takes three propagation 
delay times for the effect of the clock pulse, CLKA, to ripple through the counter and change 
Q» from LOW to HIGH. 


CLK 1 2 3 4 


Ear duis T1 ERG tp (CLK to Qj) -— odas. tpn (CLK to Qo) 
— aie = 
P pcc e et (Q, to Qj) BIBIT. tpu, (Qoto Q) 
(CLK to Q,) . r1 EC try (Qj 10 Q3) 
å FIGURE 9-7 


Propagation delays in a 3-bit asynchronous (ripple-clocked) binary counter. 


This cumulative delay of an asynchronous counter is a major disadvantage in many 
applications because it limits the rate at which the counter can be clocked and creates 
decoding problems. The maximum cumulative delay in a counter must be less than the 
period of the clock waveform. 
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Asynchronous Decade Counters 


The modulus of a counter is the number of unique states through which the counter will A counter can have 2” states, where 
sequence. The maximum possible number of states (maximum modulus) of a counter is 2", n is the number of flip-flops. 
where n is the number of flip-flops in the counter. Counters can be designed to have a num- 
ber of states in their sequence that is less than the maximum of 2". This type of sequence 
is called a truncated sequence. 
One common modulus for counters with truncated sequences is ten (called MODI0O). 
Counters with ten states in their sequence are called decade counters. A decade counter 
with a count sequence of zero (0000) through nine (1001) is a BCD decade counter because 
its ten-state sequence produces the BCD code. This type of counter is useful in display 
applications in which BCD is required for conversion to a decimal readout. 
To obtain a truncated sequence, it is necessary to force the counter to recycle before 
going through all of its possible states. For example, the BCD decade counter must recycle 
back to the 0000 state after the 1001 state. A decade counter requires four flip-flops (three . 
flip-flops are insufficient because 2? — 8). 
Let's use a 4-bit asynchronous counter such as the one in Example 9—1 and modify its 
sequence to illustrate the principle of truncated counters. One way to make the counter 
recycle after the count of nine (1001) is to decode count ten (1010) with a NAND gate and 
connect the output of the NAND gate to the clear (CLR) inputs of the flip-flops, as shown 
in Figure 9—9(a). s 
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» FIGURE 9-9 


An asynchronously clocked 


decade counter with 
asynchronous recycling. 


Partial Decoding 


Notice in Figure 9—9(a) that only Q; and Q5 are connected to the NAND gate inputs. This 
arrangement is an example of partial decoding, in which the two unique states (Q4 = 1 
and Q4 = 1) are sufficient to decode the count of ten because none of the other states (zero 
through nine) have both Q4 and Q3 HIGH at the same time. When the counter goes into 
count ten (1010), the decoding gate output goes LOW and asynchronously resets all the 
flip-flops. 

The resulting timing diagram is shown in Figure 9—9(b). Notice that there is a glitch 
on the Q; waveform. The reason for this glitch is that Q; must first go HIGH before 
the count of ten can be decoded. Not until several nanoseconds after the counter goes 
to the count of ten does the output of the decoding gate go LOW (both inputs are 
HIGH). Thus, the counter is in the 1010 state for a short time before it is reset to 0000, 
thus producing the glitch on Q and the resulting glitch on the CLR line that resets the 
counter. 

Other truncated sequences can be implemented in a similar way, as Example 9—2 
shows. | 


10 decoder 
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IMPLEMENTATION: 4-BIT ASYNCHRONOUS BINARY COUNTER 


Fixed-Function Device The 74HC93 is an example of a specific integrated circuit asyn- 
chronous counter. This device actually consists of a single flip-flop (CLK A) and a 3-bit asyn- 
chronous counter (CLK B). This arrangement is for flexibility. It can be used as a divide-by-2 
device if only the single flip-flop is used, or it can be used as a modulus-8 counter if only the 
3-bit counter portion is used. This device also provides gated reset inputs, RO( 7) and RO(2). 
When both of these inputs are HIGH, the counter is reset to the 0000 state CLR. 

Additionally, the 74HC93 can be used as a 4-bit modulus-16 counter (counts 0 through 
15) by connecting the Qo output to the CLK B input as shown by the logic symbol in 
Figure 9—11(a). It can also be configured as a decade counter (counts 0 through 9) with 
asynchronous recycling by using the gated reset inputs for partial decoding of count ten, as 
shown by the logic symbol in Figure 9-11(b). 


OC CTRDIV 16 o> C CTRDIV 10 


Qy Q, Q, OQ, 
(a) 74HC93 connected as a modulus-16 counter (b) 74HC93 connected as a decade counter 
À FIGURE 9-11 


Two configurations of the 74HC93 asynchronous counter. (The qualifying label, CTR 
DIV n, indicates a counter with n states.) 
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A 2-Bit Synchronous Binary Counter 


Figure 9-12 shows a 2-bit synchronous binary counter. Notice that an arrangement differ- 
ent from that for the asynchronous counter must be used for the J; and K, inputs of FF1 
in order to achieve a binary sequence. A D flip-flop implementation is shown in part (b). 





CLK CLK 
(a) J-K flip-flop (b) D flip-flop 


4 FIGURE 9-12 
2-bit synchronous binary counters. 
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The operation of a J-K flip-flop synchronous counter is as follows: First, assume that the The clock input goes to each flip-flop 

counter is initially in the binary 0 state; that is, both flip-flops are RESET. When the positive in a synchronous counter. 

edge of the first clock pulse is applied, FFO will toggle and Qo will therefore go HIGH. What 

happens to FF1 at the positive-going edge of CLK1? To find out, let's look at the input con- 

ditions of FF1. Inputs J; and K, are both LOW because Qo, to which they are connected, has 

not yet gone HIGH. Remember, there is a propagation delay from the triggering edge of the 

clock pulse until the Q output actually makes a transition. So, J = 0 and K = 0 when the 

leading edge of the first clock pulse is applied. This is a no-change condition, and therefore 

FF1 does not change state. A timing detail of this portion of the counter operation is shown 

in Figure 9—13(a). 


CLKI | | CLK2 | | 
1 1 ; 
Qo 6 c [— Propagation delay through FFO Q, B 7 | Propagation delay through FFO 
I 


Q, 0 Q, 5 —» [.— Propagation delay through FFI 


(a) (b) 


CLK3 | | CLK4 | | 


1 l : 
Qo " — [— Propagation delay through FFO Qo 3 ne. LE- Propagation delay through FFO 
| 
1 l : | 
0 aie I— Propagation delay through FF] 


Q, Q, 
(c) (d) 


4 FIGURE 9-13 
Timing details for the 2-bit synchronous counter operation (the propagation delays of 
both flip-flops are assumed to be equal). 


After CLK1, Qo = 1 and Q; = 0 (which is the binary 1 state). When the leading edge 
of CLK2 occurs, FFO will toggle and Qo will go LOW. Since FF1 has a HIGH (Qo = 1) on 
its J; and K, inputs at the triggering edge of this clock pulse, the flip-flop toggles and Qj 
goes HIGH. Thus, after CLK2, Qo = O and Q; = 1 (which is a binary 2 state). The timing 
detail for this condition is shown in Figure 9—13(b). 

When the leading edge of CLK3 occurs, FFO again toggles to the SET state (Qo = 1), 
and FF1 remains SET (Q; = 1) because its J; and K, inputs are both LOW (Qo = 0). After 
this triggering edge, Qo = 1 and Q; = 1 (which is a binary 3 state). The timing detail is 
shown in Figure 9—13(c). 

Finally, at the leading edge of CLK4, Qo and Q; go LOW because they both have a toggle 
condition on their J and K inputs. The timing detail is shown in Figure 9—-13(d). The counter 
has now recycled to its original state, binary 0. Examination of the D flip-flop counter in 
Figure 9—12(b) will show the timing diagram is the same as for the J-K flip-flop counter. 

The complete timing diagram for the counters in Figure 9—12 is shown in Figure 9-14. 
Notice that all the waveform transitions appear coincident; that is, the propagation delays are 
not indicated. Although the delays are an important factor in the synchronous counter opera- 
tion, in an overall timing diagram they are normally omitted for simplicity. Major waveform 
relationships resulting from the normal operation of a circuit can be conveyed completely 
without showing small delay and timing differences. However, in high-speed digital circuits, 
these small delays are an important consideration in design and troubleshooting. 


CLK 1 2 3 4 * FIGURE 9-14 


Timing diagram for the 
Qo | | | | counters of Figure 9—12. 
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A 3-Bit Synchronous Binary Counter 


A 3-bit synchronous binary counter is shown in Figure 9—15, and its timing diagram is. 
shown in Figure 9-16. You can understand this counter operation by examining its sequence 
of states as shown in Table 9-3. 


> FIGURE 9-15 "ums 
A 3-bit synchronous binary 
counter. Open file F09-15 to 
verify the operation. 









MultiSim 

LE NE 
CLK 

» FIGURE 9-16 CLK 
Timing diagram for the counter 
of Figure 9-15. 
» TABLE 9-3 
State sequence for a 3-bit et Lie a 
binary counter. Initially 


1 


O—-——-ocooof 
o—-—-oo--oolL 
oOo-oc-o-o-o 


2 
3 
4 
5 
6 
7 
8 (recycles) 


First, let's look at Qo. Notice that Qo changes on each clock pulse as the counter pro- 
gresses from its original state to its final state and then back to its original state. To produce 
this operation, FFO must be held in the toggle mode by constant HIGHs on its Jọ and Ko 
inputs. Notice that Q; goes to the opposite state following each time Qo is a 1. This change 
occurs at CLK2, CLK4, CLK6, and CLK8. The CLK8 pulse causes the counter to recycle. 
To produce this operation, Qp is connected to the J; and K, inputs of FF1. When Qoisa 1 
and a clock pulse occurs, FF1 is in the toggle mode and therefore changes state. The other 
times, when Qj is a 0, FF1 is in the no-change mode and remains in its present state. 

Next, let's see how FF2 is made to change at the proper times according to the binary 
sequence. Notice that both times Q, changes state, it is preceded by the unique condi- 
tion in which both Qo and Q; are HIGH. This condition is detected by the AND gate and 
applied to the J; and K inputs of FF2. Whenever both Qo and Q; are HIGH, the output of 
the AND gate makes the J} and K3 inputs of FF2 HIGH, and FF2 toggles on the following 
clock pulse. At all other times, the J and K> inputs of FF2 are held LOW by the AND gate 
output, and FF2 does not change state. 

The analysis of the counter in Figure 9-15 is summarized in Table 9—4. 
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Y TABLE 9-4 
Summary of the analysis of the counter in Figure 9—15. 














Initially NC Toggle 








..0 0 0 0 0 0 0 1 I 
1 0 0 1 0 0 1 1 1 I NC Toggle Toggle 
2 0 1 0 0 0 0 0 1 l NC NC Toggle 
3 0 1 1 l l l 1 1 1 Toggle Toggle Toggle 
4 l 0 0 0 0 0 0 1 l NC NC Toggle 
5 1 0 1 0 0 1 l l l NC Toggle Toggle 
6 l 1 0 0 0 0 0 1 l NC NC Toggle 
7 1 1 1 1 1 1 1 1 1 Toggle Toggle Toggle 
Counter recycles back to 000. 


*NC indicates No Change. 


A 4-Bit Synchronous Binary Counter 


Figure 9-17(a) shows a 4-bit synchronous binary counter, and Figure 9-17(b) shows its 
timing diagram. This particular counter is implemented with negative edge-triggered flip- 
flops. The reasoning behind the J and K input control for the first three flip-flops is the 
same as previously discussed for the 3-bit counter. The fourth stage, FF3, changes only 
twice in the sequence. Notice that both of these transitions occur following the times that 
Qo. Qi, and Q, are all HIGH. This condition is decoded by AND gate G^ so that when a 
clock pulse occurs, FF3 will change state. For all other times the J} and K3 inputs of FF3 
are LOW, and it is in a no-change condition. 


HIGH 





QoQ, 2, 






Q; 


CLK 





(b) 


4 FIGURE 9-17 
A 4-bit synchronous binary counter and timing diagram. Times where the AND gate 
outputs are HIGH are indicated by the shaded areas. 
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A 4-Bit Synchronous Decade Counter 


A decade counter has ten states. As you know, a BCD decade counter exhibits a truncated binary sequence and goes from 
0000 through the 1001 state. Rather than going from the 1001 state to the 1010 state, it 
recycles to the 0000 state. A synchronous BCD decade counter is shown in Figure 9-18. 
The timing diagram for the decade counter is shown in Figure 9-19. 









> 
MultiSim ^ FIGURE 9-18 
Wd A synchronous BCD decade counter. Open file F09-18 to verify operation. 
» FIGURE 9-19  . — ax dila dsida4Lisi-lel.1z] BE DT-a 
Timing diagram for the BCD | | | | | | | | 
decade counter (Q, is the LSB). 9, 9] 1°] 0 P 1 0 | 1! Ü i1 0 | 0 
| | I | | | | | l | 
| | | I 
a ofoga a pr ojoje 
| | | | | | | 
o oololo[iririrta]oreoto 
| | | 
| | | | | | | | | | 
| | | | | l | 
E a a a e fit: |o 
The counter operation is shown by the sequence of states in Table 9-5. First, notice that 
FFO (Qo) toggles on each clock pulse, so the logic equation for its Jọ and Kọ inputs is 
Jo = Ko = 1 
This equation is implemented by connecting Jp and Ko to a constant HIGH level. 
» TABLE 9-5 
States of a BCD decade 
counter. batiatly 


Orr ooceocococeo 
oo oF nmmn OOOO 
ooo--oo--oo[ 
Ooror or or Or 


2 
3 
4 
5 
6 
7 
8 
9 
0 


10 (recycles) 





Next, notice in Table 9-5 that FF} (Q4) changes on the next clock pulse each time 
Qo = 1 and Q, = 0, so the logic equation for the J; and K, inputs is 


Jj = Ki, = QoQs 


ET Digital Fundamentals, Eleventh Edition 


This equation is implemented by ANDing Qo and Q; and connecting the gate output to the 
J, and K, inputs of FF1. 

Flip-flop 2 (Q5) changes on the next clock pulse each time both Qo = 1 and Q; = 1. 
This requires an input logic equation as follows: 


J = Kz = QoQ) 
This equation is implemented by ANDing Qo and Q; and connecting the gate output to the 
Jı and K> inputs of FF2. 
Finally, FF3 (Q3) changes to the opposite state on the next clock pulse each time Qo = 1, 


Q, = 1, and Q, = 1 (state 7), or when Qo = 1 and Q5 = 1 (state 9). The equation for 
this is as follows: 


J3 = K3 = Q0Q102 + QoQ3 


This function is implemented with the AND/OR logic connected to the J} and K3 inputs of 
FF3 as shown in the logic diagram in Figure 9-18. Notice that the differences between this 
decade counter and the modulus-16 binary counter in Figure 9-17(a) are the Q9Q4 AND 
gate, the Q9Q35 AND gate, and the OR gate; this arrangement detects the occurrence of the 
1001 state and causes the counter to recycle properly on the next clock pulse. 


IMPLEMENTATION: 4-BIT SYNCHRONOUS BINARY COUNTER 


Fixed-Function Device The 74HC163 is an example of an integrated circuit 4-bit syn- 
chronous binary counter. A logic symbol is shown in Figure 9-20 with pin numbers in 
parentheses. This counter has several features in addition to the basic functions previously 
discussed for the general synchronous binary counter. 


» FIGURE 9-20 Data inputs 
The 74HC163 4-bit synchronous B, D, D. D. 


binary counter. (The qualifying 
label CTR DIV 16 indicates a 
counter with sixteen states.) CLR 
LOAD 
ENT 
ENP 
CLK 





Q 2, Q, Q, 
aao aie 


Data outputs 


First, the counter can be synchronously preset to any 4-bit binary number by applying 
the proper levels to the parallel data inputs. When a LOW is applied to the LOAD input, 
the counter will assume the state of the data inputs on the next clock pulse. Thus, the coun- 
ter sequence can be started with any 4-bit binary number. 

Also, there is an active-LOW clear input (CLR), which synchronously resets all four 
flip-flops in the counter. There are two enable inputs, ENP and ENT. These inputs must 
both be HIGH for the counter to sequence through its binary states. When at least one 
input is LOW, the counter is disabled. The ripple clock output (RCO) goes HIGH when 
the counter reaches the last state in its sequence of fifteen, called the terminal count 
(TC — 15). This output, in conjunction with the enable inputs, allows these counters to be 
cascaded for higher count sequences. 

Figure 9-21 shows a timing diagram of this counter being preset to twelve (1100) and 
then counting up to its terminal count, fifteen (1111). Input Do is the least significant input 
bit, and Qo is the least significant output bit. 
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Let's examine this timing diagram in detail. This will aid you in interpreting timing 
diagrams in this chapter or on manufacturers’ data sheets. To begin, the LOW level pulse 
on the CLR input causes all the outputs (Qo, Q1, Q2, and Q3) to go LOW. 

Next, the LOW level pulse on the LOAD input synchronously enters the data on the 
data inputs (Do, Dı, D», and D3) into the counter. These data appear on the Q outputs at the 
time of the first positive-going clock edge after LOAD goes LOW. This is the preset opera- 
tion. In this particular example, Qo is LOW, Q, is LOW, Q» is HIGH, and Q; is HIGH. 
This, of course, is a binary 12 (Qo is the LSB). 

The counter now advances through states 13, 14, and 15 on the next three positive- 
going clock edges. It then recycles to 0, 1, 2 on the following clock pulses. Notice that 
both ENP and ENT inputs are HIGH during the state sequence. When ENP goes LOW, the 
counter is inhibited and remains in the binary 2 state. 


» FIGURE 9-21 CLR pauper eerte cries 
Timing example for a 777: camera ap We aia aaa can eae HIN EU MEAN ie 


74HC163. i Be eaii me oem te em e unnm e a om 
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inputs D 
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Clear Preset 


Outputs 
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9-4 Up/Down Synchronous Counters 





In general, most up/down counters can be reversed at any point in their sequence. For 
instance, the 3-bit binary counter can be made to go through the following sequence: 
UP UP 
P$ Ó— ela us 


0, 1, 2, 3, 4, 5, 4, 5, 2, 3, 4, 5, 6, 7, 6, 5, etc. 
Pues rud i Sr, 
DOWN. DOWN 
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Table 9—6 shows the complete up/down sequence for a 3-bit binary counter. The arrows 
indicate the state-to-state movement of the counter for both its UP and its DOWN modes 
of operation. An examination of Qọ for both the up and down sequences shows that FFO 
toggles on each clock pulse. Thus, the Jp and Kọ inputs of FFO are 


Jo = Ko = 1 











VYUUUUYU Ue 








-— i =| = O © CO 0c 
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For the up sequence, Q; changes state on the next clock pulse when Qo = 1. For the down 
sequence, Q; changes on the next clock pulse when Qo = 0. Thus, the J; and K; inputs of 
FF1 must equal 1 under the conditions expressed by the following equation: 


J, = K, = (Qo * UP) + (Qo * DOWN) 


For the up sequence, Q» changes state on the next clock pulse when Qọ = Q; = 1. For 
the down sequence, Q changes on the next clock pulse when Qo = Q, = 0. Thus, the 
Jı and K, inputs of FF2 must equal 1 under the conditions expressed by the following 
equation: 


Jı = Ky = (Qo * Qi* UP) + (Qo * Q; DOWN) 


Each of the conditions for the J and K inputs of each flip-flop produces a toggle at the 
appropriate point in the counter sequence. 

Figure 9-22 shows a basic implementation of a 3-bit up/down binary counter using 
the logic equations just developed for the J and K inputs of each flip-flop. Notice that the 
UP/DOWN control input is HIGH for UP and LOW for DOWN. 





Q,* UP 






UP/DOWN 


CLK 


4 FIGURE 9-22 
A basic 3-bit up/down synchronous counter. Open file F09-22 to verify operation. 


“<TABLE 9-6 


Up/Down sequence for a 3-bit 


binary counter. 


Mtm 
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IMPLEMENTATION: UP/DOWN DECADE COUNTER 


Fixed-Function Device Figure 9-24 shows a logic diagram for the 74HC190, an example 
of an integrated circuit up/down synchronous decade counter. The direction of the count is 
determined by the level of the up/down input (D/U). When this input is HIGH, the counter 
counts down; when it is LOW, the counter counts up. Also, this device can be preset to any 
desired BCD digit as determined by the states of the data inputs when the LOAD input 
is LOW. 


The MAX/MIN output produces a HIGH pulse when the terminal count nine (1001) 
is reached in the UP mode or when the terminal count zero (0000) is reached in the 
DOWN mode. The MAX/MIN output, the ripple clock output (RCO), and the count enable 
input (CTEN) are used when cascading counters. (Cascaded counters are discussed in 
Section 9—6.) 
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» FIGURE 9-24 
The 74HC190 up/down 
synchronous decade 


counter. MAX/MIN 





Figure 9-25 is a timing diagram that shows the 74HC190 counter preset to seven 
(0111) and then going through a count-up sequence followed by a count-down sequence. 
The MAX/MIN output is HIGH when the counter is in either the all-Os state (MIN) or the 
1001 state (MAX). 


» FIGURE 9-25 Lo FA 
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9-5 Design of Synchronous Counters 





Step 1: State Diagram 


The first step in the design of a state machine (counter) is to create a state diagram. A state 
diagram shows the progression of states through which the counter advances when it is 
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clocked. As an example, Figure 9—26 is a state diagram for a basic 3-bit Gray code counter. 
This particular circuit has no inputs other than the clock and no outputs other than the 
outputs taken off each flip-flop in the counter. You may wish to review the coverage of the 
Gray code in Chapter 2 at this time. 


» FIGURE 9-26 
State diagram for a 3-bit Gray 
code counter. 


W 





Step 2: Next-State Table 


Once the sequential circuit is defined by a state diagram, the second step is to derive a 
next-state table, which lists each state of the counter (present state) along with the cor- 
responding next state. The next state is the state that the counter goes to from its present 
state upon application of a clock pulse. The next-state table is derived from the state 
diagram and is shown in Table 9-8 for the 3-bit Gray code counter. Qo is the least sig- 
nificant bit. 


Y TABLE 9-8 Y TABLE 9-9 
Next-state table for 3-bit Gray code counter. 














Qy: present state 
Own +1: next state 
X: "don't care" 
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Step 3: Flip-Flop Transition Table 


Table 9-9 is a transition table for the J-K flip-flop. All possible output transitions are 
listed by showing the Q output of the flip-flop going from present states to next states. 
Qn is the present state of the flip-flop (before a clock pulse) and Qy + ; is the next state 
(after a clock pulse). For each output transition, the J and K inputs that will cause the 
transition to occur are listed. An X indicates a “don’t care" (the input can be either a 1 
or a 0). 

To design the counter, the transition table is applied to each of the flip-flops in the 
counter, based on the next-state table (Table 9-8). For example, for the present state 000, 
Qo goes from a present state of 0 to a next state of 1. To make this happen, Jp must be a 
l and you don’t care what Kọ is (Jg = 1, Ko = X), as you can see in the transition table 
(Table 9-9). Next, Q; is 0 in the present state and remains a 0 in the next state. For this 
transition, J; = 0 and K, = X. Finally, Q; is 0 in the present state and remains a 0 in the 
next state. Therefore, J} = 0 and K; = X. This analysis is repeated for each present state 
in Table 9-8. 
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Step 4: Karnaugh Maps 


Karnaugh maps can be used to determine the logic required for the J and K inputs of each 
flip-flop in the counter. There is a Karnaugh map for the J input and a Karnaugh map for 
the K input of each flip-flop. In this design procedure, each cell in a Karnaugh map repre- 
sents one of the present states in the counter sequence listed in Table 9-8. 

From the J and K states in the transition table (Table 9—9) a 1, 0, or X is entered into each 
present-state cell on the maps depending on the transition of the Q output for a particular 
flip-flop. To illustrate this procedure, two sample entries are shown for the Jp and the Ky 
inputs to the least significant flip-flop (Qo) in Figure 9-27. 


Jg map Ky map 






The values of Jg and Ky required 
to produce the transition are 
placed on each map in the 
present-state cell. 


The values of Jy and Kp required 19 Um l 


to produce the transition are gee ipu 
placed on each map in the 
present-state cell. 









Output Present State Next State For the present state 000, Qo 
Transitions makes a transition from 0 to 1 
Q2 Q 1 Qo Q2 Q1 Qo to the next state. 





0 0 0 0 0 1 
| 0 0 1 0 I 1 
0 l l 0 l 0 For the present state 101, Qo 
0 l 0 l l O makes a transition from 1 to 0 
1 I 0 I 1 l to the next state. 
l l l l 0 l 
Flip-flop transition table l 0 ! À m . 
1 0 0 0 0 0 
Next-state table 
SENEE o T MY IEEE S Set See JR 
Examples of the mapping procedure for the counter sequence represented in Table 


9-8 and Table 9-9. 


The completed Karnaugh maps for all three flip-flops in the counter are shown in 
Figure 9-28. The cells are grouped as indicated and the corresponding Boolean expres- 
sions for each group are derived. 


Step 5: Logic Expressions for Flip-Flop Inputs 


From the Karnaugh maps of Figure 9—28 you obtain the following expressions for the J and 
K inputs of each flip-flop: 

Jo = Q201 + Q201 = 220 Qi 

Ko = Q201 + Q201 = O20 Qı 


J; = Q200 
K; = Q200 
J2 = Q1Qo 


K2 = Q100 
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» FIGURE 9-28 
Karnaugh maps for present- 
state J and K inputs. 





= 
Step 6: Counter Implementation 
The final step is to implement the combinational logic from the expressions for the J and 
K inputs and connect the flip-flops to form the complete 3-bit Gray code counter as shown 
in Figure 9-29. 
» FIGURE 9-29 


Three-bit Gray code counter. 
Open file F09-29 to verify 
operation. 


MultiSim 
à 





A summary of steps used in the design of the 3-bit Gray code counter follows. In gen- 
eral, these steps can be applied to any state machine. 

1. Specify the counter sequence and draw a state diagram. 

2. Derive a next-state table from the state diagram. 

3. Develop a transition table showing the flip-flop inputs required for each transition. 
The transition table is always the same for a given type of flip-flop. 

4. Transfer the J and K states from the transition table to Karnaugh maps. There is a 
Karnaugh map for each input of each flip-flop. 

5. Group the Karnaugh map cells to generate and derive the logic expression for each 
flip-flop input. 

6. Implement the expressions with combinational logic, and combine with the flip-flops 
to create the counter. 


This procedure is now applied to the design of other synchronous counters in Examples 
9—4 and 9-5. 
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EXAMPLE 9-4 Design a counter with the irregular binary count arias shown i in the state diagram of 
: | : mar c 9-30. Use D Vg ut M | | 








» FIGURE 9-30 
Solution 
up 1: The state daan | is as bon. i. Alstioush there are only four states, a 3-bit 
.. counter is required to implement this sequence because the maximum binary 
count is seven. Since the required sequence does not include all the possible 
binary states, the invalid states (0, 3, 4, and 6) can be treated as “don’t cares” 
in the design. However, if the counter should erroneously get into an t invalid 
| state, you must make sure that it goes back to a valid state. 
Step 2: The next-state table i is developed: from the state diagram and is given in 
o Table 9-10. iu ds idu 1 
»TABLE9-10 — . 
Next-state table. 
: Step 3: The transition table for the D flip-flop is shown in Table 9-1 I, 
 FTABLE9-M — — EE 
. Transition table for aD 


a ne Top 





| Step 4: TheD inputs are e plotted c on ae present-state Karnaugh maps in Figure 9-3]. 
T Also “don’t cares" can be placed in the cells corresponding to the invalid 
states of 000, 011, 100, and 110, as indicated by the red Xs. 
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Step 2: The next-state table is derived from the state diagram and is shown in Table 9-12. Notice that for each present state 
there are two possible next states, depending on the UP/DOWN control variable, Y. 






» TABLE 9-12 
Next-state table for 3-bit 
up/down Gray code 
counter. 
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Y — UP/DOWN control input. 
Step 3: The transition table for the J-K flip-flops is repeated in Table 9-13. 


* TABLE 9-13 
Transition table for a J-K 
flip-flop. 





Step 4: The Karnaugh maps for the J and K inputs of the flip-flops are shown in Figure 9-34. The UP/DOWN control 
input, Y, is considered one of the state variables along with Qo, Q1, and Q>. Using the next-state table, the informa- 
tion in the “Flip-Flop Inputs" column of Table 9—13 is transferred onto the maps as indicated for each present state 
of the counter. 


oor 











à FIGURE 9-34 
Jand K maps for Table 9-12. The UP/DOWN control input, Y, is treated as a 
fourth variable. ; 
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9-6 Cascaded Counters 





Asynchronous Cascading 


An example of two asynchronous counters connected in cascade is shown in Figure 9-35 

for a 2-bit and a 3-bit ripple counter. The timing diagram is shown in Figure 9-36. Notice 
The overall modulus of cascaded that the final output of the modulus-8 counter, Q4, occurs once for every 32 input clock 
counters is equal to the product of ^ pulses, The overall modulus of the two cascaded counters is 4 X 8 = 32; that is, they act 
the individual moduli. as a divide-by-32 counter. 


HIGH HIGH 
» FIGURE 9-35 | 


Two cascaded asynchronous 
counters (all J and K inputs 





Q4 
are HIGH). 
) CLK 
Modulus-4 counter Modulus-8 counter 
» FIGURE 9-36 ed 
NU i 11121314 151617 18 19 110111112103114115116117 118 119 12012 11221231241251261271281291301 3 1132 
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Synchronous Cascading 


When operating synchronous counters in a cascaded configuration, it is necessary to use 
the count enable and the terminal count functions to achieve higher-modulus operation. 
On some devices the count enable is labeled simply CTEN (or some other designation 
such as G), and terminal count (TC) is analogous to ripple clock output (RCO) on some IC 
counters. [^ad | 

Figure 9—37 shows two decade counters connected in cascade. The terminal count (TC) 
output of counter 1 is connected to the count enable (CTEN) input of counter 2. Counter 2 
is inhibited by the LOW on its CTEN input until counter 1 reaches its last, or terminal, state 
and its terminal count output goes HIGH. This HIGH now enables counter 2, so that when 
the first clock pulse after counter 1 reaches its terminal count (CLK10), counter 2 goes 
from its initial state to its second state. Upon completion of the entire second cycle of coun- 
ter 1 (when counter 1 reaches terminal count the second time), counter 2 is again enabled 
and advances to its next state. This sequence continues. Since these are decade counters, 
counter | must go through ten complete cycles before counter 2 completes its first cycle. 
In other words, for every ten cycles of counter 1, counter 2 goes through one cycle. Thus, 
counter 2 will complete one cycle after one hundred clock pulses. The overall modulus of 
these two cascaded counters is 10 X 10 = 100. 





HIGH 









Counter 1 fin Counter 2 * FIGURE 9-37 
l | | | | A modulus-100 counter 
using two cascaded decade 
counters. 





= 
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When viewed as a frequency divider, the circuit of Figure 9—37 divides the input clock 
frequency by 100. Cascaded counters are often used to divide a high-frequency clock sig- 
nal to obtain highly accurate pulse frequencies. Cascaded counter configurations used for 
such purposes are sometimes called countdown chains. For example, suppose that you have 
a basic clock frequency of 1 MHz and you wish to obtain 100 kHz, 10 kHz, and 1 kHz; 
a series of cascaded decade counters can be used. If the 1 MHz signal is divided by 10, 
the output is 100 kHz. Then if the 100 kHz signal is divided by 10, the output is 10 KHz. 
Another division by 10 produces the 1 kHz frequency. The general implementation of this 
countdown chain is shown in Figure 9-38. 


HIGH 100 kHz 10 kHz | kHz « FIGURE 9-38 

Three cascaded decade 
counters forming a divide- 
by-1000 frequency divider with 
intermediate divide-by-10 and 
divide-by-100 outputs. 
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Cascaded Counters with Truncated Sequences 


The preceding discussion has shown how to achieve an overall modulus (divide-by-factor) 
that is the product of the individual moduli of all the cascaded counters. This can be con- 
sidered full-modulus cascading. 

Often an application requires an overall modulus that is less than that achieved by full- 
modulus cascading. That is, a truncated sequence must be implemented with cascaded 
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counters. To illustrate this method, we will use the cascaded counter configuration in 
Figure 9—41. This particular circuit uses four 74HC161 4-bit synchronous binary coun- 
ters. If these four counters (sixteen bits total) were cascaded in a full-modulus arrange- 
ment, the modulus would be 


216 = 65,536 





A FIGURE 9-41 

A divide-by-40,000 counter using 74HC161 4-bit binary counters. Note that each of 
the parallel data inputs is shown in binary order (the right-most bit D, is the LSB in 
each counter). 


Let's assume that a certain application requires a divide-by-40,000 counter (modulus 
40,000). The difference between 65,536 and 40,000 is 25,536, which is the number of 
states that must be deleted from the full-modulus sequence. The technique used in the cir- 
cuit of Figure 9—41 is to preset the cascaded counter to 25,536 (63C0 in hexadecimal) each 
time it recycles, so that it will count from 25,536 up to 65,535 on each full cycle. Therefore, 
each full cycle of the counter consists of 40,000 states. 

Notice in Figure 9—41 that the RCO output of the right-most counter is inverted and 
applied to the LOAD input of each 4-bit counter. Each time the count reaches its terminal 
value of 65,535, which is 11111111111111115, RCO goes HIGH and causes the number 
on the parallel data inputs (63C0,6) to be synchronously loaded into the counter with the 
clock pulse. Thus, there is one RCO pulse from the right-most 4-bit counter for every 
40,000 clock pulses. 

With this technique any modulus can be achieved by synchronous loading of the counter 
to the appropriate initial state on each cycle. 








9-7 Counter Decoding 


Suppose that you wish to decode binary state 6 (110) of a 3-bit binary counter. When 
Q2 = 1, Qı = 1, and Qo = 0, a HIGH appears on the output of the decoding gate, indi- 
cating that the counter is at state 6. This can be done as shown in Figure 9—42. This is called 
active-HIGH decoding. Replacing the AND gate with a NAND gate provides active-LOW 
decoding. 
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» FIGURE 9-42 
Decoding of state 6 (110). 
Open file FO9-42 to verify 
operation. 


> MultiSim 


EM 
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Decoding Glitches 


The problem of glitches produced by the decoding process was discussed in Chapter 6. As A glitch is an unwanted spike of 
you have learned, the propagation delays due to the ripple effect in asynchronous coun- voltage. 
ters create transitional states in which the counter outputs are changing at slightly dif- 
ferent times. These transitional states produce undesired voltage spikes of short duration 
(glitches) on the outputs of a decoder connected to the counter. The glitch problem can also 
occur to some degree with synchronous counters because the propagation delays from the 
clock to the Q outputs of each flip-flop in a counter can vary slightly. 
Figure 9-44 shows a basic asynchronous BCD decade counter connected to a BCD-to- 
decimal decoder. To see what happens in this case, let's look at a timing diagram in which the 
propagation delays are taken into account, as shown in Figure 9—45. Notice that these delays 
cause false states of short duration. The value of the false binary state at each critical transi- 
tion is indicated on the diagram. The resulting glitches can be seen on the decoder outputs. 





0 
1 
2 
3 
4 Counter 
5 outputs 
5 | 
7 
8 
å FIGURE 9-44 
A basic decade (BCD) counter 
and decoder. 
Decoder 
outputs 


» FIGURE 9-45 

Outputs with glitches from 

the decoder in Figure 9—44. 
Glitch widths are exaggerated 
for illustration and are usually 
only a few nanoseconds wide. 





One way to eliminate the glitches is to enable the decoded outputs at a time after the 
glitches have had time to disappear. This method is known as strobing and can be accom- 
plished in the case of an active-HIGH clock by using the LOW level of the clock to enable 
the decoder, as shown in Figure 9—46. The resulting improved timing diagram is shown in 
Figure 9-47. 
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» FIGURE 9-46 
The basic decade counter 
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» FIGURE 9-47 ! CLK/STROBE 
Strobed decoder outputs for 
the circuit of Figure 9—46. 
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outputs 


9 





9-8 Counter Applications 





A Digital Clock 


A common example of a counter application is in timekeeping systems. Figure 9—48 is a 
simplified logic diagram of a digital clock that displays seconds, minutes, and hours. First, 
a 60 Hz sinusoidal ac voltage is converted to a 60 Hz pulse waveform and divided down to 
a 1 Hz pulse waveform by a divide-by-60 counter formed by a divide-by-10 counter fol- 
lowed by a divide-by-6 counter. Both the seconds and minutes counts are also produced by 
divide-by-60 counters, the details of which are shown in Figure 9—49. These counters count 
from 0 to 59 and then recycle to 0; synchronous decade counters are used in this particular 
implementation. Notice that the divide-by-6 portion is formed with a decade counter with 
a truncated sequence achieved by using the decoder count 6 to asynchronously clear the 
counter. The terminal count, 59, is also decoded to enable the next counter in the chain. 
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4 FIGURE 9-48 


Simplified logic diagram for a 12-hour digital clock. Logic details using specific devices 
are shown in Figures 9—49 and 9-50. 


The hours counter is implemented with a decade counter and a flip-flop as shown in Figure 
9—50. Consider that initially both the decade counter and the flip-flop are RESET, and the 
decode-12 gate and decode-9 gate outputs are HIGH. The decade counter advances through all 
of its states from zero to nine, and on the clock pulse that recycles it from nine back to zero, the 
flip-flop goes to the SET state (J = 1, K = 0). This illuminates a 1 on the tens-of-hours dis- 
play. The total count is now ten (the decade counter is in the zero state and the flip-flop is SET). 
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å FIGURE 9—49 


Logic diagram of typical divide-by-60 counter using synchronous decade counters. 
Note that the outputs are in binary order (the right-most bit is the LSB). 





» FIGURE 9—50 

Logic diagram for hours 

counter and decoders. Note 

that on the counter inputs and 

outputs, the right-most bit is 
=the LSB. 


» FIGURE 9-51 


Functional block diagram for 


parking garage control. 
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To units-of-hours To tens-of-hours 
display display 


Next, the total count advances to eleven and then to twelve. In state 12 the Q» output of 
the decade counter is HIGH, the flip-flop is still SET, and thus the decode-12 gate output 
is LOW. This activates the LOAD input of the decade counter. On the next clock pulse, the 
decade counter is preset to 0001 from the data inputs, and the flip-flop is RESET (J = 0, 
K — 1). As you can see, this logic always causes the counter to recycle from twelve back 
to one rather than back to zero. 


Automobile Parking Control 


This counter example illustrates the use of an up/down counter to solve an everyday prob- 
lem. The problem is to devise a means of monitoring available spaces in a one-hundred- 
space parking garage and provide for an indication of a full condition by illuminating a 
display sign and lowering a gate bar at the entrance. 

A system that solves this problem consists of optoelectronic sensors at the entrance and 
exit of the garage, an up/down counter and associated circuitry, and an interface circuit that 
uses the counter output to turn the FULL sign on or off as required and lower or raise the 
gate bar at the entrance. A general block diagram of this system is shown in Figure 9—51. 


Terminal 





A logic diagram of the up/down counter is shown in Figure 9—52. It consists of two cas- 
caded up/down decade counters. The operation is described in the following paragraphs. 
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4 FIGURE 9-52 
Logic diagram for modulus-100 up/down counter for automobile parking control. 


The counter is initially preset to 0 using the parallel data inputs, which are not shown. 
Each automobile entering the garage breaks a light beam, activating a sensor that produces 
an electrical pulse. This positive pulse sets the S-R latch on its leading edge. The LOW on the 
Q output of the latch puts the counter in the UP mode. Also, the sensor pulse goes through 
the NOR gate and clocks the counter on the LOW-to-HIGH transition of its trailing edge. 
Each time an automobile enters the garage, the counter is advanced by one (incremented). 
When the one-hundredth automobile enters, the counter goes to its last state (100,9). The 
MAX/MIN output goes HIGH and activates the interface circuit (no detail), which lights the 
FULL sign and lowers the gate bar to prevent further entry. 

When an automobile exits, an optoelectronic sensor produces a positive pulse, which 
resets the S-R latch and puts the counter in the DOWN mode. The trailing edge of the clock 
decreases the count by one (decremented). If the garage is full and an automobile leaves, the 
MAX/MIN output of the counter goes LOW, turning off the FULL sign and raising the gate. 


Parallel-to-Serial Data Conversion (Multiplexing) 


A simplified example of data transmission using multiplexing and demultiplexing tech- 
niques was introduced in Chapter 6. Essentially, the parallel data bits on the multiplexer 
inputs are converted to serial data bits on the single transmission line. A group of bits 
appearing simultaneously on parallel lines is called parallel data. A group of bits appearing 
on a single line in a time sequence is called serial data. 

Parallel-to-serial conversion is normally accomplished by the use of a counter to provide 
a binary sequence for the data-select inputs of a data selector/multiplexer, as illustrated in 
Figure 9-53. The Q outputs of the modulus-8 counter are connected to the data-select 
inputs of an 8-bit multiplexer. 


CTR DIV 8 


CLK > C 
D, 0 Serial 
D, 1 data out 
D, 2 
Parallel } D, 3 
data in D, 4 
D, 5 
D. 6 
D, 7 





Figure 9—54 is a timing diagram illustrating the operation of this circuit. The first byte 
(eight-bit group) of parallel data is applied to the multiplexer inputs. As the counter goes 
through a binary sequence from zero to seven, each bit, beginning with Do, is sequentially 
selected and passed through the multiplexer to the output line. After eight clock pulses the 


FULL sign and 
lowers gate. 


Incrementing a counter increases its 
count by one. 


Decrementing a counter decreases it 
count by one. 


*i FIGURE 9-53 
Parallel-to-serial data 
conversion logic. 


W 
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data byte has been converted to a serial format and sent out on the transmission line. When 
the counter recycles back to 0, the next byte is applied to the data inputs and is sequentially 
converted to serial form as the counter cycles through its eight states. This process contin- 
ues repeatedly as each parallel byte is converted to a serial byte. 
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4 FIGURE 9-54 
Example of parallel-to-serial conversion timing for the circuit in Figure 9-53. 





9-9 Logic Symbols with Dependency Notation 





Dependency notation is fundamental to the ANSI/IEEE standard. Dependency notation 
is used in conjunction with the logic symbols to specify the relationships of inputs and 
outputs so that the logical operation of a given device can be determined entirely from its 
logic symbol without a prior knowledge of the details of its internal structure and without a 
detailed logic diagram for reference. This coverage of a specific logic symbol with depen- 
dency notation is intended to aid in the interpretation of other such symbols that you may 
encounter in the future. 
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The 74HC163 4-bit synchronous binary counter is used for illustration. For comparison, 
Figure 9-55 shows a traditional block symbol and the ANSI/IEEE symbol with depen- 
dency notation. Basic descriptions of the symbol and the dependency notation follow. 
Common Control Block 
The upper block with notched corners in Figure 9—55(b) has inputs and an output that are 
considered common to all elements in the device and not unique to any one of the elements. 


Individual Elements 


The lower block in Figure 9—55(b), which is partitioned into four abutted sections, repre- 
sents the four storage elements (D flip-flops) in the counter, with inputs Do, D, D», and D3 
and outputs Qo, Q1, Q2, and Q3. 


Qualifying Symbol 


The label *CTR DIV 16" in Figure 9—55(b) identifies the device as a counter (CTR) with 
sixteen states (DIV 16). 






Common 
control 
block 
Dy D, D; D, 
RCO 
CLR 
LOAD 
ENT CTR DIV 16 RCO 
ENP Qo 
CLK Q, 
Q, 
Q 
Q 2, Q, Q, A 
(a) Traditional block symbol (b) ANSI/IEEE Std. 91-1984 logic symbol 


À FIGURE 9-55 
The 74HC163 4-bit synchronous counter. 


Control Dependency (C) 


As shown in Figure 9—55(b), the letter C denotes control dependency. Control inputs usu- 
ally enable or disable the data inputs (D, J, K, S, and R) of a storage element. The C input 
is usually the clock input. In this case the digit 5 following C (C5/2,3,4+) indicates that the 
inputs labeled with a 5 prefix are dependent on the clock (synchronous with the clock). For 
example, 5CT — 0 on the CLR input indicates that the clear function is dependent on the 
clock; that is, it is a synchronous clear. When the CLR input is LOW (0), the counter is reset 
to zero (CT — 0) on the triggering edge of the clock pulse. Also, the 5 D label at the input 
of storage element [1] indicates that the data storage is dependent on (synchronous with) 
the clock. All labels in the [1] storage element apply to the [2], [4], and [8] elements below 
it since they are not labeled differently. 


Mode Dependency (M) 


As shown in Figure 9—55(b), the letter M denotes mode dependency. This label is used to 
indicate how the functions of various inputs or outputs depend on the mode in which the 
device is operating. In this case the device has two modes of operation. When the LOAD 
input is LOW (0), as indicated by the triangle input, the counter is in a preset mode (M1) in 
which the input data (Do, D1, D», and D3) are synchronously loaded into the four flip-flops. 
The digit 1 following M in M1 and the 1 in the label 1, 5 D show a dependency relationship 
and indicate that input data are stored only when the device is in the preset mode (M1), in 
which LOAD = 0. When the LOAD input is HIGH (1), the counter advances through its 
normal binary sequence, as indicated by M2 and the 2 in C5/2,3,4+. 
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AND Dependency (G) 


As shown in Figure 9—55(b), the letter G denotes AND dependency, indicating that an input 
designated with G followed by a digit is ANDed with any other input or output having the 
same digit as a prefix in its label. In this particular example, the G3 at the ENT input and 
the 3CT = 15 at the RCO output are related, as indicated by the 3, and that relationship is 
an AND dependency, indicated by the G. This tells us that ENT must be HIGH (no triangle 
on the input) and the count must be fifteen (CT — 15) for the RCO output to be HIGH. 

Also, the digits 2, 3, and 4 in the label C5/2,3,4- indicate that the counter advances 
through its states when LOAD = 1, as indicated by the mode dependency label M2, and 
when ENT = 1 and ENP = 1, as indicated by the AND dependency labels G3 and G4. 
The + indicates that the counter advances by one count when these conditions exist. 


W 









the end of the chapter. 

1. In an asynchronous counter, all flip-flops change state at the same time. 

2. In a synchronous counter, all flip-flops are clocked simultaneously. 

3. An asynchronous counter is also known as a ripple counter. 

4. A decade counter has sixteen states. 

5. A counter with four stages has a maximum modulus of sixteen. 

6. To achieve a maximum modulus of 32, sixteen stages are required. 

7. If the present state is 1000, the next state of a 4-bit up/down counter in the DOWN mode is 0111. 
8. Two cascaded decade counters divide the clock frequency by 20. 

9. A counter with a truncated sequence has less than its maximum number of states. 


10. To achieve a modulus of 100, ten decade counters are required. 





1. The output of a Moore machine depends only on its 
(a) inputs (b) next state 
(c) present state (d) number of states 
2. The output of a Mealy machine depends on its 
(a) inputs (b) next state 
(c) present state (d) answers (a) and (c) 


3. Asynchronous counters are known as 
(a) ripple counters (b) multiple clock counters 
(c) decade counters (d) modulus counters 


4. An asynchronous counter differs from a synchronous counter in 
(a) the number of states in its sequence (b) the method of clocking 
(c) the type of flip-flops used (d) the value of the modulus 


5. The modulus of a counter is 
(a) the number of flip-flops 
(b) the actual number of states in its sequence 
(c) the number of times it recycles in a second 
(d) the maximum possible number of states 


6. A 3-bit binary counter has a maximum modulus of 
(a) 3 (b) 6 (c) 8 (d) 16 

7. A 4-bit binary counter has a maximum modulus of 
(a) 16 (b) 32 (c) 8 (d) 4 

8. A modulus-12 counter must have 
(a) 12 flip-flops (b) 3 flip-flops 
(c) 4 flip-flops (d) synchronous clocking 





10. 
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Which one of the following is an example of a counter with a truncated modulus? 
(a) Modulus 8 (b) Modulus 14 
(c) Modulus 16 (d) Modulus 32 


A 4-bit ripple counter consists of flip-flops that each have a propagation delay from clock to Q 
output of 12 ns. For the counter to recycle from 1111 to 0000, it takes a total of 
(a) 12 ns (b) 24 ns 


(c) 48 ns (d) 36 ns 
11. A BCD counter is an example of 
(a) a full-modulus counter (b) a decade counter 
(c) a truncated-modulus counter (d) answers (b) and (c) 
12. Which of the following is an invalid state in an 8421 BCD counter? 
(a) 1100 (b) 0010 
(c) 0101 (d) 1000 
13. Three cascaded modulus-10 counters have an overall modulus of 
(a) 30 (b) 100 
(c) 1000 (d) 10,000 
14. A 10 MHz clock frequency is applied to a cascaded counter consisting of a modulus-5 counter, 


15. 


16. 


a modulus-8 counter, and two modulus-10 counters. The lowest output frequency possible is 
(a) 10 kHz (b) 2.5 kHz 
(c) 5 kHz (d) 25 kHz 


A 4-bit binary up/down counter is in the binary state of zero. The next state in the DOWN 
mode is 


(a) 0001 (b) 1111 
(c) 1000 (d) 1110 
The terminal count of a modulus-13 binary counter is 
(a) 0000 (b) 1111 
(c) 1101 (d) 1100 






Section 9-1 Finite State Machines 
l 


2. 


s to odd-numbered problems are at the end of the book. 


Represent a decade counter with the terminal state decoded as a state machine. Identify the 
type and show the block diagram and the state diagram. 


Identify the type of state machine for the traffic signal controller in Chapter 6. State the reason 
why it is the type you specified. 


Section 9-2 Asynchronous Counters 


* 


» FIGURE 9—56 


4. 


» FIGURE 9-57 


For the ripple counter shown in Figure 9—56, show the complete timing diagram for eight clock 
pulses, showing the clock, Qo, and Q; waveforms. 





For the ripple counter in Figure 9-57, show the complete timing diagram for sixteen clock 
pulses. Show the clock, Qo, Q1, and Q» waveforms. 
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5. In the counter of Problem 4, assume that each flip-flop has a propagation delay from the trig- 
gering edge of the clock to a change in the Q output of 8 ns. Determine the worst-case (longest) 
delay time from a clock pulse to the arrival of the counter in a given state. Specify the state or 
states for which this worst-case delay occurs. 

6. Show how to connect a 74HC93 4-bit asynchronous counter for each of the following moduli: 


(a) 9 (b) 11 (c) 13 (d) 14 (e) 15 


Section 9-3 Synchronous Counters 
7. If the counter of Problem 5 were synchronous rather than asynchronous, what would be the 
longest delay time? 
8. Show the complete timing diagram for the 5-stage synchronous binary counter in Figure 9-58. Verify 
that the waveforms of the Q outputs represent the proper binary number after each clock pulse. 





CLK 


4 FIGURE 9-58 


9. By analyzing the J and K inputs to each flip-flop prior to each clock pulse, prove that the dec- 
ade counter in Figure 9-59 progresses through a BCD sequence. Explain how these conditions 
in each case cause the counter to go to the next proper state. 


CLK 





4 FIGURE 9-59 


10. The waveforms in Figure 9—60 are applied to the count enable, clear, and clock inputs as indi- 
cated. Show the counter output waveforms in proper relation to these inputs. The clear input is 
asynchronous. 


» FIGURE 9-60 euro 1 ne ear 2. 
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11. A BCD decade counter is shown in Figure 9-61. The waveforms are applied to the clock and 
clear inputs as indicated. Determine the waveforms for each of the counter outputs (Qo, Q1. Q2, 
and Q3). The clear is synchronous, and the counter is initially in the binary 1000 state. 
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» FIGURE 9—61 


» FIGURE 9—62 


» FIGURE 9-63 


» FIGURE 9-64 
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12. The waveforms in Figure 9—62 are applied to a 74HC163 binary counter. Determine the Q 
outputs and the RCO. The inputs are Dy = 1, Dj = 1, Dz = 0,and D4 = 1 


13. The waveforms in Figure 9—62 are applied to a 74HC161 counter. Determine the Q outputs and 
the RCO. The inputs are Dy = 1, D, = 0, D; = 0, and D, = 1. 


Section 9-4 Up/Down Synchronous Counters 


14. Show a complete timing diagram for a 3-bit up/down counter that goes through the following 
sequence. Indicate when the counter is in the UP mode and when it is in the DOWN mode. 
Assume positive edge-triggering. 

0,1,2,3/2,1,2, 3,4, 5, 6, 5,4, 3, 2, 1,0 

15. Develop the Q output waveforms for a 74HC190 up/down counter with the input waveforms 

shown in Figure 9—63. A binary 0 is on the data inputs. Start with a count of 0000. 





16. Repeat Problem 15 if the D/U input signal is inverted with the other inputs the same. 
17. Repeat Problem 15 if the CTEN is inverted with the other inputs the same. 


Section 9-5 Design of Synchronous Counters 
18. Determine the sequence of the counter in Figure 9—64. 





19. Determine the sequence of the counter in Figure 9—65. Begin with the counter cleared. 
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CLK 


à FIGURE 9-65 


20. Design a counter to produce the following sequence. Use J-K flip-flops. 
00, 10, 01, 11,00, ... 
21. Design a counter to produce the following binary sequence. Use J-K flip-flops. 
1:5,3,5; 7,6, 2. Ll, s 
22. Design a counter to produce the following binary sequence. Use J-K flip-flops. 
0,9,1,8,2,7, 3,6, ,5,0, ... 
23. Design a binary counter with the sequence shown in the state diagram of Figure 9—66. 


» FIGURE 9—66 





Section 9-6 Cascaded Counters 


24. For each of the cascaded counter configurations in Figure 9-67, determine the frequency of the 
waveform at each point indicated by a circled number, and determine the overall modulus. 
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25. Expand the counter in Figure 9-38 to create a divide-by-10,000 counter and a divide- 
by-100,000 counter. 
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» FIGURE 9-68 


» FIGURE 9-69 


26. 


With general block diagrams, show how to obtain the following frequencies from a 10 MHz 
clock by using single flip-flops, modulus-5 counters, and decade counters: 

(a) 5 MHz (b) 2.5 MHz (c) 2 MHz (d) 1 MHz (e) 500 kHz 

(f) 250 kHz (g) 62.5 kHz (h) 40 kHz (i) 10 kHz (j) 1 kHz 


Section 9-7 Counter Decoding 


27. 


28. 


I 


29. 


30. 
31. 


32. 


Given a BCD decade counter with only the Q outputs available, show what decoding logic is 
required to decode each of the following states and how it should be connected to the counter. 
A HIGH output indication is required for each decoded state. The MSB is to the left. 

(a) 0001 (b) 0011 (c) 0101 (d) 0111 (e) 1000 


For the 4-bit binary counter connected to the decoder in Figure 9—68, determine each of the 
decoder output waveforms in relation to the clock pulses. 
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If the counter in Figure 9—68 is asynchronous, determine where the decoding glitches occur on 
the decoder output waveforms. 


Modify the circuit in Figure 9-68 to eliminate decoding glitches. 


Analyze the counter in Figure 9—42 for the occurrence of glitches on the decode gate output. If 
glitches occur, suggest a way to eliminate them. 


Analyze the counter in Figure 9—43 for the occurrence of glitches on the outputs of the decod- 
ing gates. If glitches occur, make a design change that will eliminate them. 


Section 9-8 Counter Applications 


33. 


34. 
35. 


Entrance | | 
sensor | 


Assume that the digital clock of Figure 9-48 is initially reset to 12 o'clock. Determine the 
binary state of each counter after sixty-two 60 Hz pulses have occurred. 


What is the output frequency of each counter in the digital clock circuit of Figure 9-48? 


For the automobile parking control system in Figure 9—51, a pattern of entrance and exit sensor 
pulses during a given 24-hour period are shown in Figure 9—69. If there were 53 cars already in the 
garage at the beginning of the period, what is the state of the counter at the end of the 24 hours? 


sensor | | 


0 24 hrs 


36. The binary number for decimal 57 appears on the parallel data inputs of the parallel-to-serial 


converter in Figure 9-53 (Dy is the LSB). The counter initially contains all zeros and a 10 kHz 
clock is applied. Develop the timing diagram showing the clock, the counter outputs, and the 
serial data output. 
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SECTION CHECKUPS 


Section 9-1 Checkup 


1. A finite state machine is a sequential circuit having a finite number of states that occur in a 
specified order. 


2. Moore state machine and Mealy state machine 


3. The Moore state machine has an output(s) that is dependent on the present internal state only. 
The Mealy state machine has an output(s) that is dependent on both the present internal state 
and the value of the inputs. 


Section 9-2 Asynchronous Counters 


1. Asynchronous means that each flip-flop after the first one is enabled by the output of the pre- 
ceding flip-flop. 


2. A modulus-14 counter has fourteen states requiring four flip-flops. 


Section 9-3 Synchronous Counters 
1. All flip-flops in a synchronous counter are clocked simultaneously. 
2. The counter can be preset (initialized) to any given state. 


3. Counter is enabled when ENP and ENT are both HIGH; RCO goes HIGH when final state in 
sequence is reached. 


Section 9-4 Up/Down Synchronous Counters ' 
1. The counter goes to 1001. 
2. UP: 1111: DOWN: 0000; the next state is 1111. 


Section 9-5 Design of Synchronous Counters 
1. J = 1, K = X (“don’t care") 
2. J = X (“don’t care”), K = 0 
3. (a) The next state is 1011. 


(b) Q5 (MSB): no-change or SET; Q»: no-change or RESET; Q;: no change or SET; 
Qo (LSB): SET or toggle 


Section 9-6 Cascaded Counters 
1. Three decade counters produce + 1000; 4 decade counters produce + 10,000. 
2. (a) + 20: flip-flop and DIV 10 
(b) + 32: flip-flop and DIV 16 
(c) + 160: DIV 16 and DIV 10 
(d) + 320: DIV 16 and DIV 10 and flip-flop 


Section 9-7 Counter Decoding 
1. (a) No transitional states because there is a single bit change 
(b) 0000, 0001, 0010, 0101, 0110, 0111 
(c) No transitional states because there is a single bit change 
(d) 0001, 0010, 0011, 0100, 0101, 0110, 0111, 1000, 1001, 1010, 1011, 1100, 1101, 1110 


Section 9-8 Counter Applications 


1. Gate G; resets flip-flop on first clock pulse after count 9. Gate G decodes count 12 to preset 
counter to 0001. 


2. The hours decade counter advances through each state from zero to nine, and as it recycles 
from nine back to zero, the flip-flop is toggled to the SET state. This produces a ten (10) on 
the display. When the hours decade counter is in state 12, the decode NAND gate causes the 
counter to recycle to state 1 on the next clock pulse. The flip-flop resets. This results in a one 
(01) on the display. 
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» FIGURE 9-70 


» FIGURE 9-71 


» TABLE 9-14 


» FIGURE 9-72 


Section 9-9 Logic Symbols with Dependency Notation 
1. C: control, usually clock; M: mode; G: AND 
2. D indicates data storage. 


RELATED PROBLEMS FOR EXAMPLES 
9-1 See Figure 9-70. 





Q; 


9-2 Connect Qy to the NAND gate as a third input (Q, and Q; are two of the inputs). Connect the 
CLR line to the CLR input of FFO as well as FF2 and FF3. 


9-3 See Figure 9-71. 
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9-4 See Table 9-14. 






valid state 





—— O © 
_ O = © 


- — CO o 
o-o-H 


valid state 


000 — 111 
011 — 000 — 111 
100— 111 
110 — 101 


9-5 Three flip-flops, sixteen 3-input AND gates, two 4-input OR gates, four 2-input OR gates, 
and one inverter 


9-6 Five decade counters are required. 10? = 100,000 
9-7 foo = 1 MHz/[(10)2)] = 50 kHz. 
9-8 See Figure 9-72. 
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10-1 Semiconductor Memory Basics 10-5 The Flash Memory 

10-2 The Random-Access Memory (RAM) 10-6 Memory Expansion 

10-3 The Read-Only Memory (ROM) 10-7 Special Types of Memories 
10-4 Programmable ROMs 10-8 Magnetic and Optical Storage 


10-1 Semiconductor Memory Basics 


InfoNote 


The general definition of word is 
a complete unit of information 
consisting of a unit of binary 

data. When applied to computer 
instructions, a word is more 
specifically defined as two bytes 
(16 bits). As an important part 

of assembly language used in 
computers, the DW (Define Word) 
directive means to define data 

in 16-bit units. This definition 

is independent of the particular 
microprocessor or the size of — 
its data bus. Assembly language 
also allows definitions of bytes _ 
(8 bits) with the DB directive, 


double words (32 bits) with the DD 
directive, and quad-words (64 bits) 


with the QD directive. 


Units of Binary Data: Bits, Bytes, Nibbles, and Words 


As a rule, memories store data in units that have from one to eight bits. The smallest unit 
of binary data, as you know, is the bit. In many applications, data are handled in an 8-bit 
unit called a byte or in multiples of 8-bit units. The byte can be split into two 4-bit units 
that are called nibbles. Bytes can also be grouped into words. The term word can have two 
meanings in computer terminology. In memories, it is defined as a group of bits or bytes 
that acts as a single entity that can be stored in one memory location. In assembly language, 
a Word is specifically defined as two bytes. 


The Basic Memory Array 


Each storage element in a memory can retain either a 1 or a 0 and is called a cell. Memories 
are made up of arrays of cells, as illustrated in Figure 10—1 using 64 cells as an example. 
Each block in the memory array represents one storage cell, and its location can be identi- 
fied by specifying a row and a column. 
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A FIGURE 10-1 





A 64-cell memory array organized in three different ways. 
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The 64-cell array can be organized in several ways based on units of data. Figure 10—1(a) 
shows an 8 X 8 array, which can be viewed as either a 64-bit memory or an 8-byte memory. 
Part (b) shows a 16 X 4 array, which is a 16-nibble memory, and part (c) shows a 64 X 1 
array, which is a 64-bit memory. A memory is identified by the number of words it can store 
times the word size. For example, a 16k X 8 memory can store 16,384 words of eight bits 
each. The inconsistency here is common in memory terminology. The actual number of 
words is always a power of 2, which, in this case, is 2^ = 16,384. However, it is common 
practice to state the number to the nearest thousand, in this case, 16k. 


Memory Address and Capacity 


A representation of a small 8 X 8 memory chip is shown in Figure 10—2(a). The location of 
a unit of data in a memory array is called its address. For example, in part (b), the address 
of a bit in the 2-dimensional array is specified by the row and column as shown. In part (c), 
the address of a byte is specified only by the row. So, as you can see, the address depends 
on how the memory is organized into units of data. Personal computers have random- 
access memories organized in bytes. This means that the smallest group of bits that can be 








addressed is eight. 
PEP Tits 
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(a) Physical structure of 64-bit memory. (b) The address of the blue bit (c) The address of the blue byte 

is row 5, column 4. is row 3. 


à FIGURE 10-2 
Examples of memory address in a 2-dimensional memory array. 


Figure 10—3(a) illustrates the expansion of the 8 X 8 (64-bit) array to a 64-byte mem- 
ory. The address of a byte in the array is specified by the row and column, as shown. In 
this case, the smallest group of bits that can be accessed is eight. This can be viewed as a 
3-dimensional array, as shown in part (b). 
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(a) The 8 X 8 bit array expanded to a 64 X 8 bit array. This array forms a memory module. (b) The address of the blue byte is row 5, column 8. 


å FIGURE 10-3 
Example of memory address in an expanded (multiple) array. 


The capacity of a memory is the total number of data units that can be stored. For 
example, in the bit-organized memory array in Figure 10—2(b), the capacity is 64 bits. In 
the byte-organized memory array in Figure 10—2(c), the capacity is 8 bytes, which is also 
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64 bits. In Figure 10-3, the capacity is 64 bytes. Computer memories typically have mul- 
tiple gigabytes of internal memory. Computers usually transfer and store data as 64-bit 
words, in which case all eight bits of row five in each chip in Figure 10—3(a) would be 
accessed. 


Memory Banks and Ranks 


> A bank is a section of memory within a single memory array (chip). A memory chip may 
have one or more banks. Memory banks can be used for storing frequently used informa- 
tion. Easier and faster access can be achieved by knowing the section of memory in which 
the data are stored. A rank is a group of chips that make up a memory module that stores 
data in units such as words or bytes. These terms are illustrated in Figure 10-4. 
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l byte of data 
64-bit (8-byte) word 


å FIGURE 10-4 
Simple illustration of memory bank and memory rank. 


Basic Memory Operations 


Addressing is the process of accessing a specified location in memory. Since a memory 
stores binary data, data must be put into the memory and data must be copied from the 
memory when needed. The write operation puts data into a specified address in the mem- 
ory, and the read operation copies data out of a specified address in the memory. The 
addressing operation, which is part of both the write and the read operations, selects the 
specified memory address. 

Data units go into the memory during a write operation and come out of the memory 
during a read operation on a set of lines called the data bus. As indicated in Figure 10—5, 
the data bus is bidirectional, which means that data can go in either direction (into the 
memory or out of the memory). In this case of byte-organized memories, the data bus has 
at least eight lines so that all eight bits in a selected address are transferred in parallel. For 
a write or a read operation, an address is selected by placing a binary code representing 
the desired address on a set of lines called the address bus. The address code is decoded 
internally, and the appropriate address is selected. In the case of the multiple-array memory 
in Figure 10—5(b) there are two decoders, one for the rows and one for the columns. The 
number of lines in the address bus depends on the capacity of the memory. For example, a 
15-bit address code can select 32,768 locations (2!) in the memory, a 16-bit address code 
can select 65,536 locations (219) in the memory, and so on. In personal computers a 32-bit 
address bus can select 4,294,967,296 locations (23^. expressed as 4G. 


The Write Operation 


A simplified write operation is illustrated in Figure 10—6. To store a byte of data in the 
memory, a code held in the address register is placed on the address bus. Once the address 
code is on the bus, the address decoder decodes the address and selects the specified loca- 
tion in the memory. The memory then gets a write command, and the data byte held in 
the data register is placed on the data bus and stored in the selected memory address, thus 
completing the write operation. When a new data byte is written into a memory address, 
the current data byte stored at that address is overwritten (replaced with a new data byte). 
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“FIGURE 10-5 

Block diagram of a single- 
array memory and a multiple- 
array memory showing address 
bus, address decoder(s), 
bidirectional data bus, and 
read/write inputs. 





Read Write 
(a) Single-array memory 


Read Write 





(b) Multiple-array memory 


Address register Data register 4 FIGURE 10-6 
: d a e de Illustration of the write 
operation. 





Write 


© Address code 101 is placed on the address bus and address 5 is selected. 


(2) Data byte is placed on the data bus. 
9 Write command causes the data byte to be stored in address 5, replacing previous data. 
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W 


» FIGURE 10-7 
Illustration of the read 
“operation. 


The Read Operation 


A simplified read operation is illustrated in Figure 10-7. Again, a code held in the address 
register is placed on the address bus. Once the address code is on the bus, the address 
decoder decodes the address and selects the specified location in the memory. The memory 
then gets a read command, and a “copy” of the data byte that is stored in the selected - 
memory address is placed on the data bus and loaded into the data register, thus completing 
the read operation. When a data byte is read from a memory address, it also remains stored 
at that address. This is called nondestructive read. 


Address register i Data register 


T 








Read 


© Address code 011 is placed on the address bus and address 3 is selected. 
(2) Read command is applied. 


Q) The contents of address 3 is placed on the data bus and shifted into data register. 
The contents of address 3 is not erased by the read operation. 


RAMs and ROMs 


The two major categories of semiconductor memories are the RAM and the ROM. RAM 
(random-access memory) is a type of memory in which all addresses are accessible in an 
equal amount of time and can be selected in any order for a read or write operation. All 
RAMs have both read and write capability. Because RAMs lose stored data when the 
power is turned off, they are volatile memories. | 

ROM (read-only memory) is a type of memory in which data are stored permanently or 
semipermanently. Data can be read from a ROM, but there is no write operation as in the 
RAM. The ROM, like the RAM, is a random-access memory but the term RAM tradition- 
ally means a random-access read/write memory. Several types of RAMs and ROMs will be 
covered in this chapter. Because ROMs retain stored data even if power is turned off, they 
are nonvolatile memories. 
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10-2 The Random-Access Memory (RAM) 


The RAM Family 


The two major categories of RAM are the static RAM (SRAM) and the dynamic RAM 
(DRAM). SRAMs generally use latches as storage elements and can therefore store data 
indefinitely as long as dc power is applied. DRAMs use capacitors as storage elements 
and cannot retain data very long without the capacitors being recharged by a process called 
refreshing. Both SRAMs and DRAMs will lose stored data when dc power is removed 
and, therefore, are classified as volatile memories. 

Data can be read much faster from SRAMs than from DRAMs. However, DRAMs can 
store much more data than SRAMs for a given physical size and cost because the DRAM cell 
is much simpler and more cells can be crammed into a given chip area than in the SRAM. 

The basic types of SRAM are the asynchronous SRAM and the synchronous SRAM with 
a burst feature. The basic types of DRAM are the Fast Page Mode DRAM (FPM DRAM), 
the Extended Data Out DRAM (EDO DRAM), the Burst EDO DRAM (BEDO DRAM), 
and the synchronous DRAM (SDRAM). These are shown in Figure 10-8. 


Static RAMs (SRAMs) 


Memory Cell 


All SRAMs are characterized by latch memory cells. As long as dc power is applied to a 
static memory cell, it can retain a 1 or 0 state indefinitely. If power is removed, the stored 
data bit is lost. ' 


Synchronous 
SRAM with 
burst feature 
(SB SRAM) 





4 FIGURE 10-8 
The RAM family. 


Figure 10—9 shows a basic SRAM latch memory cell. The cell is selected by an active 
level on the Select line and a data bit (1 or 0) is written into the cell by placing it on the Data 
in line. A data bit is read by taking it off the Data out line. 


in FIGURE 10-9 
A typical SRAM latch memory 
cell. 


Data in Data out 


Chapter 10 Data Storage | 330 | 


Static Memory Cell Array 





The memory cells in a SRAM are organized in rows and columns, as illustrated in Figure 
10—10 for the case of ann X 4 array. All the cells in a row share the same Row Select line. 
Each set of Data in and Data out lines go to each cell in a given column and are connected 
to a single data line that serves as both an input and output (Data I/O) through the data input 
- and data output buffers. 

| To write a data unit, in this case a nibble (4 bits), into a given row of cells in the memory 
array, the Row Select line is taken to its active state and four data bits are placed on the 
Data I/O lines. The Write line is then taken to its active state, which causes each data bit to 
be stored in a selected cell in the associated column. To read a data unit, the Read line is 
taken to its active state, which causes the four data bits stored in the selected row to appear 
on the Data I/O lines. 


» FIGURE 10-10 Row Select 0 
Basic SRAM array. 


Row Select 1 





Memory cell 
Row Select 2 


Row Select n 


Data I/O Data I/O Data I/O Data I/O 
Bit 0 Bit 1 Bit 2 Bit 3 


Basic Asynchronous SRAM Organization 


An asynchronous SRAM is one in which the operation is not synchronized with a system 
clock. To illustrate the general organization of a SRAM, a 32k X 8 bit memory is used. A 
logic symbol for this memory is shown in Figure 10-11. 


In the READ mode, the eight data bits that are stored in a selected address appear on the 
data output lines. In the WRITE mode, the eight data bits that are applied to the data input 
lines are stored at a selected address. The data input and data output lines (//Og through 
I/O7) share the same lines. During READ, they act as output lines (Op through O7) and 
during WRITE they act as input lines (/o through 77). 


Tri-state Outputs and Buses 


Tri-state buffers in a memory allow the data lines to act as either input or output lines and 
connect the memory to the data bus in a computer. These buffers have three output states: 
HIGH (1), LOW (0), and HIGH-Z (open). Tri-state outputs are indicated on logic symbols 
by a small inverted triangle (V), as shown in Figure 10—11, and are used for compatibility 
with bus structures such as those found in microprocessor-based systems. 

Physically, a bus is one or more conductive paths that serve to interconnect two or 
more functional components of a system or several diverse systems. Electrically, a bus is 
a collection of specified voltage levels and/or current levels and signals that allow various 
devices to communicate and work properly together. 
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A microprocessor is connected to memories and input/output devices by certain bus 
structures. An address bus allows the microprocessor to address the memories, and a data 
bus provides for transfer of data between the microprocessor, the memories, and the input/ 
output devices such as monitors, printers, keyboards, and modems. A control bus allows 
the microprocessor to control data transfers and timing for the various components. 


Memory Array 


SRAM chips can be organized in single bits, nibbles (4 bits), bytes (8 bits), or multiple 
bytes (words with 16, 24, 32 bits, etc.). 

Figure 10—12 shows the organization of a small 32k X 8 SRAM. The memory cell array 
is arranged in 256 rows and 128 columns, each with 8 bits, as shown in part (a). There are 
actually 2? = 32,768 addresses and each address contains 8 bits. The capacity of this 
example memory is 32,768 bytes (typically expressed as 32 kB). Although small by today's 
standards, this memory serves to introduce the basic concepts. 






Address 
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256 
rows 





128 columns 


(a) Memory array configuration (b) Memory block diagram 


à FIGURE 10-12 
Basic organization of an asynchronous 32k X 8 SRAM. 


“FIGURE 10-11 
Logic diagram for an 
asynchronous 32k X 8 SRAM. 


Eight output tri-state buffers 
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The SRAM in Figure 10—12(b) works as follows. First, the chip select, CS, must be 
LOW for the memory to operate. (Other terms for chip select are enable or chip enable.) 
Eight of the fifteen address lines are decoded by the row decoder to select one of the 256 
rows. Seven of the fifteen address lines are decoded by the column decoder to select one 
of the 128 8-bit columns. 


> Read 


In the READ mode, the write enable input, WE, is HIGH and the output enable, OE, is 
LOW. The input tri-state buffers are disabled by gate G4, and the column output tri-state 
buffers are enabled by gate Gz. Therefore, the eight data bits from the selected address are 
routed through the column I/O to the data lines (J/Op though 7/07), which are acting as data 
output lines. 


Write 


In the WRITE mode, WE is LOW and OE is HIGH. The input tri-state buffers are enabled 
by gate G4, and the output tri-state buffers are disabled by gate G». Therefore, the eight 
input data bits on the data lines are routed through the input data control and the column 
I/O to the selected address and stored. 


Read and Write Cycles 


Figure 10-13 shows typical timing diagrams for a memory read cycle and a write cycle. 
For the read cycle shown in part (a), a valid address code is applied to the address lines for 
a specified time interval called the read cycle time, tgc. Next, the chip select (CS) and the 
output enable (OE) inputs go LOW. One time interval after the OE input goes LOW, a valid 
data byte from the selected address appears on the data lines. This time interval is called the 
output enable access time, tgg. Two other access times for the read cycle are the address 
access time, tag, measured from the beginning of a valid address to the appearance of valid 
data on the data lines and the chip enable access time, tgo, measured from the HIGH-to- 
LOW transition of CS to the appearance of valid data on the data lines. 


» FIGURE 10-13 
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(b) Write cycle (WE LOW) 
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During each read cycle, one unit of data, a byte in this case, is read from the memory. 

For the write cycle shown in Figure 10—13(b), a valid address code is applied to the 
address lines for a specified time interval called the write cycle time, twc. Next, the chip 
select (CS) and the write enable (WE) inputs go LOW. The required time interval from the 
beginning of a valid address until the WE input goes LOW is called the address setup time, 
tsa); The time that the WE input must be LOW is the write pulse width. The time that the 
input WE must remain LOW after valid data are applied to the data inputs is designated 
twp; the time that the valid input data must remain on the data lines after the WE input goes 
HIGH is the data hold time, typ). 

During each write cycle, one unit of data is written into the memory. 


Synchronous SRAM with Burst Feature 


Unlike the asynchronous SRAM, a synchronous SRAM is synchronized with the system 
clock. For example, in a computer system, the synchronous SRAM operates with the same 
clock signal that operates the microprocessor so that the microprocessor and memory are 
synchronized for faster operation. | 

The fundamental concept of the synchronous feature of a SRAM can be shown with 
Figure 10—14, which is a simplified block diagram of a 32k X 8 memory for purposes of 
illustration. The synchronous SRAM is similar to the asynchronous SRAM in terms of 
the memory array, address decoder, and read/write and enable inputs. The basic difference 
is that the synchronous SRAM uses clocked registers to synchronize all inputs with the 
system clock. The address, the read/write input, the chip enable, and the input data are all 
latched into their respective registers on an active clock pulse edge. Once this information 
is latched, the memory operation is in sync with the clock. 

For the purpose of simplification, a notation for multiple parallel lines or bus lines is 
introduced in Figure 10—14, as an alternative to drawing each line separately. A set of 
parallel lines can be indicated by a single heavy line with a slash and the number of sepa- 
rate lines in the set. For example, the following notation represents a set of 8 parallel lines: 


Burst 
control 







Address 
register 


CLK 
(external 


address) 15 
Data output 


register is in 
the pipelined 
synchronous 
SRAM. 
There is no 
Data output 
register in the 
flow-through 
synchronous 
SRAM. 





3 | oe 
> register 
Cs 


rd Enable buffers 
> register 

OE 
I/Og-1/O7 


(Data I/O) 8 8 


A FIGURE 10-14 
A basic block diagram of a synchronous SRAM with burst feature. 


Chapter 10 Data Storage | 343 | 
c 


8 


The address bits Ag through A44 are latched into the Address register on the positive edge 
of a clock pulse. On the same clock pulse, the state of the write enable (WE) line and chip 
- select (C5) are latched into the Write register and the Enable register respectively. These are 
l one-bit registers or simply flip-flops. Also, on the same clock pulse the input data are latched 
into the Data input register for a Write operation, and data in a selected memory address are 
latched into the Data output register for a Read operation, as determined by the Data I/O 
control based on inputs from the Write register, Enable register, and the Output enable (OE). 

Two basic types of synchronous SRAM are the flow-through and the pipelined. The 
flow-through synchronous SRAM does not have a Data output register, so the output data 
flow asynchronously to the data I/O lines through the output buffers. The pipelined syn- 
chronous SRAM has a Data output register, as shown in Figure 10—14, so the output data 
are synchronously placed on the data I/O lines. 


The Burst Feature 


As shown in Figure 10-14, synchronous SRAMs normally have an address burst feature, 
which allows the memory to read or write up to four sequential locations using a single 
address. When an external address is latched in the address register, the two lowest-order 
address bits, Ag and Aj, are applied to the burst logic. This produces a sequence of four 
internal addresses by adding 00, 01, 10, and 11 to the two lowest-order address bits on 
successive clock pulses. The sequence always begins with the base address, which is the 
external address held in the address register. 

The address burst logic in a typical synchronous SRAM consists of a binary counter and 
exclusive-OR gates, as shown in Figure 10—15. For 2-bit burst logic, the internal burst address 
sequence is formed by the base address bits A>—A 4 plus the two burst address bits Aj and Aj. 


» FIGURE 10-15 
Address burst logic. 
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To begin the burst sequence, the counter is in its 00 state and the two lowest-order 
address bits are applied to the inputs of the XOR gates. Assuming that Ao and A, are both 
0, the internal address sequence in terms of its two lowest-order bits is 00, 01, 10, and 11. 


Cache Memory 


One of the major applications of SRAMs is in cache memories in computers. Cache mem- 
ory is a relatively small, high-speed memory that stores the most recently used instructions 
or data from the larger but slower main memory. Cache memory can also use dynamic 
RAM (DRAM), which is discussed next. Typically, SRAM is several times faster than 
DRAM. Overall, a cache memory gets stored information to the microprocessor much 
faster than if only high-capacity DRAM is used. Cache memory is basically a cost-effective 
method of improving system performance without having to resort to the expense of mak- 
ing all of the memory faster. 

The concept of cache memory is based on the idea that computer programs tend to get 
instructions or data from one area of main memory before moving to another area. Basi- 
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cally, the cache controller “guesses” which area of the slow dynamic memory the CPU 
(central-processing unit) will need next and moves it to the cache memory so that it is ready 
when needed. If the cache controller guesses right, the data are immediately available to 
the microprocessor. If the cache controller guesses wrong, the CPU must go to the main 
memory and wait much longer for the correct instructions or data. Fortunately, the cache 
controller is right most of the time. 


Cache Analogy 


There are many analogies that can be used te describe a cache memory, but comparing it 
to a home refrigerator is perhaps the most effective. A home refrigerator can be thought of 
as a "cache" for certain food items while the supermarket is the main memory where all 
foods are kept. Each time you want something to eat or drink, you can go to the refrigera- 
tor (cache) first to see if the item you want is there. If it is, you save a lot of time. If it is not 
there, then you have to spend extra time to get it from the supermarket (main memory). 


L1 and L2 Caches 


A first-level cache (L1 cache) is usually integrated into the processor chip and has a very 
limited storage capacity. L1 cache is also known as primary cache. A second-level cache 
(L2 cache) may also be integrated into the processor or as a separate memory chip or set 
of chips external to the processor; it usually has a larger storage capacity than an L1 cache. 
L2 cache is also known as secondary cache. Some systems may have higher-level caches 
(L3, LA, etc.), but L1 and L2 are the most common. Also, some systems use a disk cache 
to enhance the performance of the hard disk because DRAM, although much slower than 
SRAM, is much faster than the hard disk drive. Figure 10—16 illustrates L1 and L2 cache 
memories in a computer system. 


* FIGURE 10-16 

Block diagram showing L1 
and L2 cache memories in a 
computer system. 
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Dynamic RAM (DRAM) Memory Cells 


Dynamic memory cells store a data bit in a small capacitor rather than in a latch. The 
advantage of this type of cell is that it is very simple, thus allowing very large memory 
arrays to be constructed on a chip at a lower cost per bit. The disadvantage is that the 
storage capacitor cannot hold its charge over an extended period of time and will lose the 
stored data bit unless its charge is refreshed periodically. To refresh requires additional 
memory circuitry and complicates the operation of the DRAM. Figure 10-17 shows a typi- 
cal DRAM cell consisting of a single MOS transistor (MOSFET) and a capacitor. 


Column (bit line) « FIGURE 10-17 
A MOS DRAM cell. 


Row 
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In this type of cell, the transistor acts as a switch. The basic simplified operation is 
illustrated in Figure 10—18 and is as follows. A LOW on the R/W line (WRITE mode) 
enables the tri-state input buffer and disables the output buffer. For a 1 to be written into 
the cell, the Dyn line must be HIGH, and the transistor must be turned on by a HIGH 
on the row line. The transistor acts as a closed switch connecting the capacitor to the 
bit line. This connection allows the capacitor to charge to a positive voltage, as shown 
> in Figure 10—18(a). When a 0 is to be stored, a LOW is applied to the Dyy line. If the 
capacitor is storing a 0, it remains uncharged, or if it is storing a 1, it discharges as 
indicated in Figure 10—18(b). When the row line is taken back LOW, the transistor turns 
off and disconnects the capacitor from the bit line, thus "trapping" the charge (1 or 0) 
on the capacitor. 

To read from the cell, the R/W (Read/Write) line is HIGH, enabling the output buffer 
and disabling the input buffer. When the row line is taken HIGH, the transistor turns on 
and connects the capacitor to the bit line and thus to the output buffer (sense amplifier), 
so the data bit appears on the data-output line (Dour). This process is illustrated in Fig- 
ure 10-18(c). 

For refreshing the memory cell, the R/W line is HIGH, the row line is HIGH, and the 
refresh line is HIGH. The transistor turns on, connecting the capacitor to the bit line. The 
output buffer is enabled, and the stored data bit is applied to the input of the refresh buf- 


"FIGURE 10-18 fer which is enabled by the HIGH on the refresh input. This produces a voltage on the bit 
Basic operation of a DRAM line corresponding to the stored bit, thus replenishing the capacitor. This is illustrated in 
cell. Figure 10-18(d). ' 
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DRAM Organization 


The major application of DRAMs is in the main memory of computers. The difference 
between DRAMs and SRAMs is the type of memory cell. As you have seen, the DRAM 
memory cell consists of one transistor and a capacitor and is much simpler than the SRAM 
cell. This allows much greater densities in DRAMS and results in greater bit capacities for 
a given chip area, although much slower access time. 

Again, because charge stored in a capacitor will leak off, the DRAM cell requires a 
frequent refresh operation to preserve the stored data bit. This requirement results in more 
complex circuitry than in a SRAM. Several features common to most DRAMs are now 
discussed, using a generic IM X 1 bit DRAM as an example. 


Address Multiplexing 


DRAMs use a technique called address multiplexing to reduce the number of address lines. 
Figure 10—19 shows the block diagram of a 1,048,576-bit (1 Mb) DRAM with a 1M X 1 
organization. We will focus on the blue blocks to illustrate address multiplexing. The green 
blocks represent the refresh logic. 

The ten address lines are time multiplexed at the beginning of a memory cycle by the 
row address select (RAS) and the column address select (CAS) into two separate 10-bit 
address fields. First, the 10-bit row address is latched into the row address register. Next, 
the 10-bit column address is latched into the column address register. The row address and 
the column address are decoded to select one of the 1,048,576 addresses (2? — 1,048,576) 
in the memory array. The basic timing for the address multiplexing operation is shown in 
Figure 10-20. 
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& FIGURE 10-19 
Simplified block diagram of a 1M X 1 DRAM. 
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» FIGURE 10-20 
quU Row : s ‘ol ‘ SS 
Basic timing for address Aes 
multiplexing. RAS 
CAS 
- Row address is latched Column address is latched 
when RAS is LOW. when CAS is LOW. 

Read and Write Cycles 
At the beginning of each read or write memory cycle, RAS and CAS go active (LOW) to 
multiplex the row and column addresses into the registers, and decoders. For a read cycle, 
the R/W input is HIGH. For a write cycle, the R/W input is LOW. This is illustrated in 
Figure 10-21. 

» FIGURE 10-21 
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Fast Page Mode 


In the normal read or write cycle described previously, the row address for a particular 
memory location is first loaded by an active-LOW RAS and then the column address for 
that location is loaded by an active-LOW CAS. The next location is selected by another 
RAS followed by a CAS, and so on. 

A “page” is a section of memory available at a single row address and consists of all the 
columns in a row. Fast page mode allows fast successive read or write operations at each 
column address in a selected row. A row address is first loaded by RAS going LOW and 
remaining LOW while CAS is toggled between HIGH and LOW. A single row address is 
selected and remains selected while RAS is active. Each successive CAS selects another 
column in the selected row. So, after a fast page mode cycle, all of the addresses in the 
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selected row have been read from or written into, depending on R/W. For example, a fast 
page mode cycle for the DRAM in Figure 10—19 requires CAS to go active 1024 times for 
each row selected by RAS. 

Fast page mode operation for read is illustrated by the timing diagram in Figure 10—22. 
When CAS goes to its nonasserted state (HIGH), it disables the data outputs. Therefore, 
the transition of CAS to HIGH must occur only after valid data are latched by the external 
system. 








Addresses 


: SSS 


å FIGURE 10-22 
Fast page mode timing for a read operation. 





Refresh Cycles 


As you know, DRAMs are based on capacitor charge storage for each bit in the memory 
array. This charge degrades (leaks off) with time and temperature, so each bit must be peri- 
odically refreshed (recharged) to maintain the correct bit state. Typically, a DRAM must 
be refreshed every several milliseconds, although for some devices the refresh period can 
be much longer. 

A read operation automatically refreshes all the addresses in the selected row. However, 
in typical applications, you cannot always predict how often there will be a read cycle, 
and so you cannot depend on a read cycle to occur frequently enough to prevent data loss. 
Therefore, special refresh cycles must be implemented in DRAM systems. 

Burst refresh and distributed refresh are the two basic refresh modes for refresh oper- 
ations. In burst refresh, all rows in the memory array are refreshed consecutively each 
refresh period. For a memory with a refresh period of 8 ms, a burst refresh of all rows 
occurs once every 8 ms. The normal read and write operations are suspended during a burst 
refresh cycle. In distributed refresh, each row is refreshed at intervals interspersed between 
normal read or write cycles. For example, the memory in Figure 10—19 has 1024 rows. As an 
example, for an 8 ms refresh period, each row must be refreshed every 8 ms/1024 = 7.8 us 
when distributed refresh is used. 

The two types of refresh operations are RAS only refresh and CAS before RAS refresh. 
RAS-only refresh consists of a RAS transition to the LOW (active) state, which latches 
the address of the row to be refreshed while CAS remains HIGH (inactive) throughout the 
cycle. An external counter is used to provide the row addresses for this type of operation. 

The CAS before RAS refresh is initiated by CAS going LOW before RAS goes LOW. 
This sequence activates an internal refresh counter that generates the row address to be 
refreshed. This address is switched by the data selector into the row decoder. 


Types of DRAMs 


Now that you have learned the basic concept of a DRAM, let's briefly look at the major 
types. These are the Fast Page Mode (FPM) DRAM, the Extended Data Out (EDO) DRAM, 
the Burst Extended Data Out (BEDO) DRAM, and the Synchronous (S) DRAM. 
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FPM DRAM 


Fast page mode operation was described earlier. Recall that a page in memory is all of the 
column addresses contained within one row address. 

The idea of the FPM DRAM is based on the probability that the next several memory 
addresses to be accessed are in the same row (on the same page). Fortunately, this happens 
a large percentage of the time. FPM saves time over pure random accessing because in FPM 
the row address is specified only once for access to several successive column addresses 
whereas for pure random accessing, a row address is specified for each column address. 

Recall that in a fast page mode read operation, the CAS signal has to wait until the valid 
data from a given address are accepted (latched) by the external system (CPU) before it 
can go to its nonasserted state. When CAS goes to its nonasserted state, the data outputs are 
disabled. This means that the next column address cannot occur until after the data from 
the current column address are transferred to the CPU. This limits the rate at which the 
columns within a page can be addressed. 


EDO DRAM 


The Extended Data Out DRAM, sometimes called hyper page mode DRAM, is similar to 
the FPM DRAM. The key difference is that the CAS signal in the EDO DRAM does not 
disable the output data when it goes to its nonasserted state because the valid data from the 
current address can be held until CAS is asserted again. This means that the next column 
address can be accessed before the external system accepts the current valid data. The idea 
is to speed up the access time. 


BEDO DRAM 


The Burst Extended Data Out DRAM is an EDO DRAM with address burst capability. 
Recall from the discussion of the synchronous burst SRAM that the address burst feature 
allows up to four addresses to be internally generated from a single external address, which 
saves some access time. This same concept applies to the BEDO DRAM. 


SDRAM 


Faster DRAMs are needed to keep up with the ever-increasing speed of microprocessors. 
The Synchronous DRAM is one way to accomplish this. Like the synchronous SRAM 
discussed earlier, the operation of the SDRAM is synchronized with the system clock, 
which also runs the microprocessor in a computer system. The same basic ideas described 
in relation to the synchronous burst SRAM, also apply to the SDRAM. 

This synchronized operation makes the SDRAM totally different from the other asyn- 
chronous DRAM types. With asynchronous memories, the microprocessor must wait for 
the DRAM to complete its internal operations. However, with synchronous operation, the 
DRAM latches addresses, data, and control information from the processor under control 
of the system clock. This allows the processor to handle other tasks while the memory read 
or write operations are in progress, rather than having to wait for the memory to do its thing 
as is the case in asynchronous systems. 


DDR SDRAM 


DDR stands for double data rate. A DDR SDRAM is clocked on both edges of a clock pulse, 
whereas a SDRAM is clocked on only one edge. Because of the double clocking, a DDR 
SDRAM is theoretically twice as fast as an SDRAM. Sometimes the SDRAM is referred to 
as an SDR SDRAM (single data rate SDRAM) for contrast with the DDR SDRAM. 
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10-3 The Read-Only Memory (ROM) 


The ROM Family 


Figure 10—23 shows how semiconductor ROMs are categorized. The mask ROM is the type 
in which the data are permanently stored in the memory during the manufacturing process. 
The PROM, or programmable ROM, is the type in which the data are electrically stored by 
the user with the aid of specialized equipment. Both the mask ROM and the PROM can be 
of either MOS or bipolar technology. The EPROM, or erasable PROM, is strictly a MOS 
device. The UV EPROM is electrically programmable by the user, but the stored data must 
be erased by exposure to ultraviolet light over a period of several minutes. The electrically 
erasable PROM (EEPROM or E?PROM) can be erased in a few milliseconds. The UV 
EPROM has been largely displaced by the EEPROM. 


* FIGURE 10-23 
The ROM family. 
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The Mask ROM 


The mask ROM is usually referred to simply as a ROM. It is permanently programmed dur- 
ing the manufacturing process to provide widely used standard functions, such as popular 
conversions, or to provide user-specified functions. Once the memory is programmed, it 
cannot be changed. Most IC ROMs utilize the presence or absence of a transistor connec- 
tion at a row/column junction to represent a 1 or a 0. 

Figure 10—24 shows MOS ROM cells. The presence of a connection from a row line to 
the gate of a transistor represents a 1 at that location because when the row line is taken 
HIGH, all transistors with a gate connection to that row line turn on and connect the HIGH 
(1) to the associated column lines. At row/column junctions where there are no gate con- 
nections, the column lines remain LOW (0) when the row is addressed. 


Column Column E FIGURE 1 0-24 
ROM cells. 
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Storing a 1 Storing a 0 


To illustrate the ROM concept, Figure 10—25 shows a small, simplified ROM array. The 
blue squares represent stored 1s, and the gray squares represent stored Os. The basic read 
operation is as follows. When a binary address code is applied to the address input lines, the 
corresponding row line goes HIGH. This HIGH is connected to the column lines through 
the transistors at each junction (cell) where a 1 is stored. At each cell where a O is stored, 
the column line stays LOW because of the terminating resistor. The column lines form the 
data output. The eight data bits stored in the selected row appear on the output lines. 
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Data output lines 


As you can see, the example ROM in Figure 10-25 is organized into 16 addresses, each 
of which stores 8 data bits. Thus, it is a 16 X 8 (16-by-8) ROM, and its total capacity is 


128 bits or 16 bytes. ROMs can be used as look-up tables (LUTs) for code conversions and 
logic function generation. 
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Internal ROM Organization 


Most IC ROMs have a more complex internal organization than that in the basic simpli- 
fied example just presented. To illustrate how an IC ROM is structured, let's use a 1024- 
bit device with a 256 X 4 organization. The logic symbol is shown in Figure 10—27. 
When any one of 256 binary codes (eight bits) is applied to the address lines, four data 
bits appear on the outputs if the chip select inputs are LOW. (256 addresses require eight 
address lines.) 
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» FIGURE 10-27 
A 256 X 4 ROM logic symbol. 
The Axis designator means 
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Although the 256 X 4 organization of this device implies that there are 256 rows and 
4 columns in the memory array, this is not actually the case. The memory cell array is 
actually a 32 X 32 matrix (32 rows and 32 columns), as shown in the block diagram in 
Figure 10-28. 

The ROM in Figure 10-28 works as follows. Five of the eight address lines (Ag 
through A4) are decoded by the row decoder (often called the Y decoder) to select one 
of the 32 rows. Three of the eight address lines (As through A7) are decoded by the 
column decoder (often called the X decoder) to select four of the 32 columns. Actu- 
ally, the column decoder consists of four 1-of-8 decoders (data selectors), as shown in 
Figure 10-28. 

The result of this structure is that when an 8-bit address code (Ag through A7) is applied, 
a 4-bit data word appears on the data outputs when the chip select lines (CS) and CS,) are 
LOW to enable the output buffers. This type of internal organization (architecture) is typi- 
cal of IC ROMs of various capacities. 
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A 1024-bit ROM with a 256 X 4 organization based on a 32 X 32 array. 
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ROM Access Time 


A typical timing diagram that illustrates ROM access time is shown in Figure 10-29. The 
access time, f,, of a ROM is the time from the application of a valid address code on the 
input lines until the appearance of valid output data. Access time can also be measured 
from the activation of the chip select (CS) input to the occurrence of valid output data when 
a valid address is already on the input lines. 
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PROMs 


A PROM uses some type of fusing process to store bits, in which a memory link is burned 
open or left intact to represent a 0 or a 1. The fusing process is irreversible; once a PROM 
is programmed, it cannot be changed. 

Figure 10—30 illustrates a MOS PROM array with fusible links. The fusible links are 
manufactured into the PROM between the source of each cell's transistor and its column 
line. In the programming process, a sufficient current is injected through the fusible link to 
burn it open to create a stored O. The link is left intact for a stored 1. 


Three basic fuse technologies used in PROMs are metal links, silicon links, and pn junc- 
tions. A brief description of each of these follows. 


1. Metal links are made of a material such as nichrome. Each bit in the memory array is 
represented by a separate link. During programming, the link is either *blown" open 
or left intact. This is done basically by first addressing a given cell and then forcing 
a sufficient amount of current through the link to cause it to open. 


2. Silicon links are formed by narrow, notched strips of polycrystalline silicon. Pro- 
gramming of these fuses requires melting of the links by passing a sufficient 
amount of current through them. This amount of current causes a high temperature 
at the fuse location that oxidizes the silicon and forms an insulation around the 
now-open link. 

3. Shorted junction, or avalanche-induced migration, technology consists basically of 
two pn junctions arranged back-to-back. During programming, one of the diode 
junctions is avalanched, and the resulting voltage and heat cause aluminum ions to 
migrate and short the junction. The remaining junction is then used as a forward- 
biased diode to represent a data bit. 
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» FIGURE 10-30 
MOS PROM array with fusible | *Vpp | 
links. (All drains are commonly 
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EPROMs 


An EPROM is an erasable PROM. Unlike an ordinary PROM, an EPROM can be repro- 
grammed if an existing program in the memory array is erased first. 

An EPROM uses an NMOSFET array with an isolated-gate structure. The isolated 
transistor gate has no electrical connections and can store an electrical charge for indefi- 
nite periods of time. The data bits in this type of array are represented by the presence 
or absence of a stored gate charge. Erasure of a data bit is a process that removes the 
gate charge. 

A typical EPROM is represented in Figure 10-31 by a logic diagram. Its operation 
is representative of that of other typical EPROMs of various sizes. As the logic symbol 
shows, this device has 2048 addresses [2 — 2048), each with eight bits. Notice that the 
eight outputs are tri-state (V). 







» FIGURE 10-31 VPP 
The logic symbol for a 2048 x 
8 EPROM. Ao 
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To read from the memory, the output enable input (OE) must be LOW and the power- 
down/program (CE/PGM) input LOW. 
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To program or write to the device, a high dc voltage is applied to Vpp and OE is HIGH. 
The eight data bits to be programmed into a given address are applied to the outputs (Oo 
through O^), and the address is selected on inputs Ap through Ajo. Next, a HIGH level 
pulse is applied to the CE/PGM input. The addresses can be programmed in any order. A 
timing diagram for the programming is shown in Figure 10—32. These signals are normally 
produced by an EPROM programmer. 

Two basic types of erasable PROMs are, the electrically erasable PROM (EEPROM) 
and the ultraviolet erasable PROM (UV EPROM). The UV EPROM is much less used than 
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EEPROMs 


An electrically erasable PROM can be both erased and programmed with electrical pulses. 
Since it can be both electrically written into and electrically erased, the EEPROM can be 
rapidly programmed and erased in-circuit for reprogramming. Two types of EEPROMs are 
the floating-gate MOS and the metal nitride-oxide silicon (MNOS). The application of a 
voltage on the control gate in the floating-gate structure permits the storage and removal of 
charge from the floating gate. 


UV EPROMs 


You can recognize the UV EPROM device by the UV transparent window on the package. 
The isolated gate in the FET of an ultraviolet EPROM is “floating” within an oxide insulat- 
ing material. The programming process causes electrons to be removed from the floating 
gate. Erasure is done by exposure of the memory array chip to high-intensity ultraviolet 
radiation through the UV window on top of the package. The positive charge stored on the 
gate is neutralized after several minutes to an hour of exposure time. 
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10-5 The Flash Memory 


Flash memories are high-density read/write memories (high-density translates into 
large bit storage capacity) that are nonvolatile, which means that data can be stored indefi- 
nitely without power. High-density means that a large number of cells can be packed into a 
given surface area on a chip; that is, the higher the density, the more bits that can be stored 
- on a given size chip. This high density is achieved in flash memories with a storage cell 
that consists of a single floating-gate MOS transistor. A data bit is stored as charge or the 
absence of charge on the floating gate depending if a 0 or a 1 is stored. 


Flash Memory Cell 


A single-transistor cell in a flash memory is represented in Figure 10—33. The stacked gate 
MOS transistor consists of a control gate and a floating gate in addition to the drain and 
source. The floating gate stores electrons (charge) as a result of a sufficient voltage applied 
to the control gate. A 0 is stored when there is more charge and a 1 is stored when there is 
less or no charge. The amount of charge present on the floating gate determines if the tran- 
sistor will turn on and conduct current from the drain to the source when a control voltage 
is applied during a read operation. 
Floating 

» FIGURE 10-33 gate Drain 
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Many electrons = more charge = stored 0. Few electrons = less charge = stored 1. 


Basic Flash Memory Operation 


There are three major operations in a flash memory: the programming operation, the read 
operation, and the erase operation. 


Programming 


Initially, all cells are at the 1 state because charge was removed from each cell in a previous 
erase operation. The programming operation adds electrons (charge) to the floating gate of 
those cells that are to store a 0. No charge is added to those cells that are to store a 1. Appli- 
cation of a sufficient positive voltage to the control gate with respect to the source during 
programming attracts electrons to the floating gate, as indicated in Figure 10—34. Once 
programmed, a cell can retain the charge for up to 100 years without any external power. 
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source to add charge to the floating gate during 
programming. 
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Read 


During a read operation, a positive voltage is applied to the control gate. The amount of charge 
present on the floating gate of a cell determines whether or not the voltage applied to the con- 
trol gate will turn on the transistor. If a 1 is stored, the control gate voltage is sufficient to turn 
the transistor on. If a 0 is stored, the transistor will not turn on because the control gate volt- 
age is not sufficient to overcome the negative charge stored in the floating gate. Think of the 
charge on the floating gate as a voltage source that opposes the voltage applied to the control 
gate during a read operation. So the floating gate charge associated with a stored 0 prevents 
the control gate voltage from reaching the turn-on threshold, whereas the small or zero charge 
associated with a stored 1 allows the control gate voltage to exceed the turn-on threshold. 

When the transistor turns on, there is current from the drain to the source of the cell tran- 
sistor. The presence of this current is sensed to indicate a 1, and the absence of this current 
is sensed to indicate a 0. This basic idea is illustrated in Figure 10-35. 
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the read voltage from exceeding the turn-on allows the read voltage to exceed the turn-on 
threshold. threshold. 
Erase 


During an erase operation, charge is removed from all the memory cells. A sufficient posi- 
tive voltage is applied to the transistor source with respect to the control gate. This is 
opposite in polarity to that used in programming. This voltage attracts electrons from the 
floating gate and depletes it of charge, as illustrated in Figure 10-36. A flash memory is 
always erased prior to being reprogrammed. 


“FIGURE 10-36 
Simplified illustration of 
removing charge from a cell 


7, during erase. 
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To erase a cell, a sufficient positive voltage is 
applied to the source with respect to the control 
gate to remove charge from the floating gate 
during the erase operation. 


Flash Memory Array 


A simplified array of flash memory cells is shown in Figure 10-37. Only one row line is 
accessed at a time. When a cell in a given bit line turns on (stored 1) during a read opera- 
tion, there is current through the bit line, which produces a voltage drop across the active 
load. This voltage drop is compared to a reference voltage with a comparator circuit and 
an output level indicating a | is produced. If a 0 is stored, then there is no current or little 
current in the bit line and an opposite level is produced on the comparator output. 
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The memory stick is a storage medium that uses flash memory technology in a physi- 
cal configuration smaller than a stick of chewing gum. Memory sticks are typically avail- 
able up to 64 GB capacities and as a kit with a PC card adaptor. Because of its compact 
design, it is ideal for use in small digital electronics products, such as laptop computers 
and digital cameras. 





* Comparison of Flash Memories with Other Memories 


Let’s compare flash memories with other types of memories with which you are already 
familiar. 


Flash vs. ROM, EPROM, and EEPROM 


Read-only memories are high-density, nonvolatile devices. However, once programmed the 
contents of a ROM can never be altered. Also, the initial programming is a time-consuming 
and costly process. The EEPROM has a more complex cell structure than either the ROM 
or UV EPROM and so the density is not as high, although it can be reprogrammed without 
being removed from the system. Because of its lower density, the cost/bit is higher than 
ROMs or EPROMs. Although the UV EPROM is a high-density, nonvolatile memory, it can 
be erased only by removing it from the system and using ultraviolet light. It can be repro- 
grammed only with specialized equipment. 

A flash memory can be reprogrammed easily in the system because it is essentially 
a READ/WRITE device. The density of a flash memory compares with the ROM and 
EPROM because both have single-transistor cells. A flash memory (like a ROM, EPROM, 
or EEPROM) is nonvolatile, which allows data to be stored indefinitely with power off. 


+V *V 


Active load ------------------------------- 





Data out 0 Data out m 


Comparator 


Bit line 0 Reference Bit line m 


Row select 0 O t ar : 
Row select | O i E i 
Row select n O i Er : 


Column select 0 Column select m 


& FIGURE 10-37 
Basic flash memory array. 
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Flash vs. SRAM 


As you have learned, static random-access memories are volatile READ/WRITE devices. 
A SRAM requires constant power to retain the stored data. In many applications, a battery 
backup is used to prevent data loss if the main power source is turned off. However, since 
battery failure is always a possibility, indefinite retention of the stored data in a SRAM can- 
not be guaranteed. Because the memory cell in a SRAM is basically a flip-flop consisting 
of several transistors, the density is relatively low. 

A flash memory is also a READ/WRITE memory, but unlike the SRAM it is nonvola- 
tile. Also, a flash memory has a much higher density than a SRAM. 


Flash vs. DRAM 


Dynamic random-access memories are volatile high-density READ/WRITE devices. 
DRAMS require not only constant power to retain data but also that the stored data must be 
refreshed frequently. In many applications, backup storage such as hard disk must be used 
with a DRAM. 

Flash memories exhibit higher densities than DRAMs because a flash memory cell con- 
sists of one transistor and does not need refreshing, whereas a DRAM cell is one transistor 
plus a capacitor that has to be refreshed. Typically, a flash memory consumes much less 
power than an equivalent DRAM and can be used as a hard disk replacement in many 
applications. 

Table 10—2 provides a comparison of the memory technologies. 








| One-Transistor ^ In-System *TABLE 10-2 

Memory Type Nonvolatile ^ High-Density NU e] .. Writability Comparison of types of 
Flash Yes Yes Yes Yes STRATE. 

SRAM No No No Yes 

DRAM No Yes Yes Yes 

ROM Yes Yes Yes No 

EEPROM Yes No No Yes 

UV EPROM Yes Yes Yes No 


USB Flash Drive 


A USB flash drive consists of a flash memory connected to a standard USB connector 
housed in a small case about the size of a cigarette lighter. The USB connector can be 
plugged into a port on a personal computer and obtains power from the computer. These 
memories are usually rewritable and can have a storage capacity up to 512 GB (a number 
which is constantly increasing), with most ranging from 2 GB to 64 GB. A typical USB 
flash drive is shown in Figure 10—38(a), and a basic block diagram is shown in part (b). 










+V 
Data+ Mass memory 
Data— controller 
Gnd 
oscillator 
(a) Typical USB flash drive (b) Basic block diagram 


& FIGURE 10-38 
The USB flash drive. 


The USB flash drive uses a standard USB A-type connector for connection to the com- 
puter, as shown in Figure 10—39(a). Peripherals such as printers use the USB B-type con- 
nector, which has a different shape and physical pin configuration. The USB icon is shown 
in part (b). 
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» FIGURE 10-39 
Connector and symbol. 
4-—3..2 1 
e (a) Type A USB connector (b) USB icon 





10-6 Memory Expansion 





Word-Length Expansion 


To increase the word length of a memory, the number of bits in the data bus must be 
increased. For example, an 8-bit word length can be achieved by using two memories, 
each with 4-bit words as illustrated in Figure 10—40(a). As you can see in part (b), the 
16-bit address bus is commonly connected to both memories so that the combination 
memory still has the same number of addresses (2/6 = 65,536) as each individual 
memory. The 4-bit data buses from the two memories are combined to form an 8-bit 
data bus. Now when an address is selected, eight bits are produced on the data bus— 
four from each memory. Example 10—2 shows the details of 65,536 X 4 to 65,536 X 8 
expansion. 


65,536 x 8 


h Data 
bus 


Data 





(a) Two separate 65,536 x 4 ROMs (b) One 65,536 x 8 ROM from two 65,536 x 4 ROMs 


A FIGURE 10-40 
Expansion of two 65,536 X 4 ROMs into a 65,536 X 8 ROM to illustrate word-length 
expansion. 
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FIGURE 10-41  — A 
A 64k x 4 ROM. 
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Related Problem 
Describe how you would expand a 64k X 1 ROM to a 64k X 8 ROM. 











EXAMPLE 10-3 
Use the memories in Example 10—2 to form a 64k X 16 ROM. 


Solution 


In this case you need a memory that stores 65,536 16-bit words. Four 64k X 4 ROMs are required to do the job, as shown 
in Figure 10-43. [ 





A, Address bus 
: 16 bits 
A I3 


16 bits 16 bits 16 bits 





Control 
bus 


‘enable : Date 
(enable) 16 bits cag 





^ FIGURE 10-43 


Related Problem | ; 
How many 64k X 1 ROMs would be required to implement the memory shown in Figure 10—43? 
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=> FIGURE 10-44 
Illustration of word-length 
expansion with two 2" x n 
RAMs forming a 2" X 2n RAM. 





A ROM has only data outputs, but a RAM has both data inputs and data outputs. For 
word-length expansion in a RAM (SRAM or DRAM), the data inputs and data outputs 
form the data bus. Because the same lines are used for data input and data output, tri-state 
buffers are required. Most RAMs provide internal tri-state circuitry. Figure 10—44 illus- 
trates RAM expansion to increase the data word length. 
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2n bits 
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Word-Capacity Expansion 


When memories are expanded to increase the word capacity, the number of addresses is 
increased. To achieve this increase, the number of address bits must be increased, as illus- 
trated in Figure 10-46, (where two IM X 8 RAMs are expanded to form a 2M X 8 memory). 


ROM 2M x 8 





Address 
maf 
21 bits 
we Data 
" bus 
Control 
bus 


Data 
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=» Data 
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(a) Individual memories each store 1,048,576 (b) Memories expanded to form a 2M x 8 RAM requiring a 
8-bit words 21-bit address bus 
A FIGURE 10-46 


Illustration of word-capacity expansion. 


Each individual memory has 20 address bits to select its 1,048,576 addresses, as 
shown in part (a). The expanded memory has 2,097,152 addresses and therefore requires 
2] address bits, as shown in part (b). The twenty-first address bit is used to enable the 
appropriate memory chip. The data bus for the expanded memory remains eight bits wide. 
Details of this expansion are illustrated in Example 10—5. 





Chapter 10 Data Storage 








» FIGURE 10-48 
A memory module with 
connectors. : 
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Memory Modules 


SDRAMs are available in modules consisting of multiple memory ICs arranged on a 
printed circuit board (PCB). The most common type of SDRAM memory module is called 
a DIMM (dual in-line memory module). Another version of the DIMM is the SODIMM 
(small-outline DIMM). A type of memory module, generally found in older equipment and 
essentially obsolete, is the SIMM (single in-line memory module). The SIMM has connec- 
tion pins on one side of a PCB where the DIMM uses both sides of the board. DIMMs plug 
into a socket on the system mother board for memory expansion. A generic representation of 
a memory module is shown in Figure 10-48 with the system board connectors into which the 
modules are inserted. 








DIMMs generally contain DDR SDRAM memory chips. DDR means double data rate, 
so a DDR SDRAM transfers two blocks of data for each clock cycle rather than one like a 
standard SDRAM. Three basic types of modules are DDR, DDR2, and DDR3. 

* DDR modules have 184 pins and require a 2.5 voltage source. 

* DDR2 modules have 240 pins and require a 1.8 voltage source. 

* DDR3 modules have 240 pins and require a 1.5 voltage source. 


The DDR, DDR2, and DDR3 have transfer data rates of 1600 MB/s, 3200 MB/s, and 6400 MB/s 
respectively. 
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Memory components are extremely sensitive to static electricity. Use the following precautions when 
handling memory chips or modules such as DIMMs: 


Before handling, discharge your body's static charge by touching a grounded surface or wear a 
grounding wrist strap containing a high-value resistor if available. A convenient, reliable ground 


- is the ac outlet ground. 


Do not remove components from their antistatic bags until you are ready to install them. 
Do not lay parts on the antistatic bags because only the inside is antistatic. 


When handling DIMMs, hold by the edges or the metal mounting bracket. Do not touch compo- 
nents on the boards or the edge connector pins. 


Never slide any part over any type of surface. 
Avoid plastic, vinyl, styrofoam, and nylon in the work area. 


When installing DIMMs, follow these steps: 


1. Line up the notches on the DIMM board with the notches in the memory socket. 
2. Push firmly on the module until it is securely seated in the socket. 
3. Generally, the latches on both sides of the socket will snap into place when the module is com- 


pletely inserted. These latches also release the module, so it can be removed from the socket. 


SECTION 10-6 1. How many 16k X 1 RAMs are required to Mee a memory with a woni capacity | 
of 16k and a word length of eight bits? 


2. To expand the 16k X 8 memory in question 1 toa 32k X 8 organization, how many 


CHECKUP 


more 16k X 1 RAMs are required? 


.. 3. What does DIMM stand for? 





10-7 Special Types of Memories 


First In-First Out (FIFO) Memories 


This type of memory is formed by an arrangement of shift registers. The term FIFO refers 
to the basic operation of this type of memory, in which the first data bit written into the 


memory is the first to be read out. 


One important difference between a conventional shift register and a FIFO register is 
illustrated in Figure 10—49. In a conventional register, a data bit moves through the register 
only as new data bits are entered; in a FIFO register, a data bit immediately goes through 
the register to the right-most bit location that is empty. 


Conventional Shift Register FIFO Shift Register 





X = unknown data bits. 


Output 





Qo oO OC 


— - empty positions. 


In a conventional shift register, data stay to the left until “forced” In a FIFO shift register, data “fall” through (go right). 


through by additional data. 


å FIGURE 10-49 








Comparison of conventional and FIFO register operation. 
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Figure 10—50 is a block diagram of a FIFO serial memory. This particular memory 
has four serial 64-bit data registers and a 64-bit control register (marker register). When 
data are entered by a shift-in pulse, they move automatically under control of the marker 
register to the empty location closest to the output. Data cannot advance into occupied 
positions. However, when a data bit is shifted out by a shift-out pulse, the data bits 
remaining in the registers automatically move to the next position toward the output. In 
an asynchronous FIFO, data are shifted out independent of data entry, with the use of 
two separate clocks. 


FIFO Applications 


One important application area for the FIFO register is the case in which two systems of 
differing data rates must communicate. Data can be entered into a FIFO register at one rate 
and taken out at another rate. Figure 10—51 illustrates how a FIFO register might be used 
in these situations. 


> FIGURE 10-50 Memory array stores 
Ea Caan y catal | n^ vastis dic cec Ri mi RE 64 4-bit data words 
Block diagram of a typical x 

FIFO serial memory. 
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» FIGURE 10-51 Irregular-rate data Constant-rate data 


Examples of the FIFO (a) Irregular telemetry data can be stored and retransmitted at a constant rate. 
register in data-rate buffering 


applications. 


Lower-rate data FIFO register Higher-rate data 


(b) Data input at a slow keyboard rate can be stored and then transferred at a higher rate for processing. 


Constant-rate data FIFO register Burst data 


(c) Data input at a constant rate can be stored and then output in bursts. 


Burst data FIFO register Constant-rate data 


(d) Data in bursts can be stored and reformatted into a constant-rate output. 


Last In—First Out (LIFO) Memories 


The LIFO (last in-first out) memory is found in applications involving microprocessors 
and other computing systems. It allows data to be stored and then recalled in reverse order; 
that is, the last data byte to be stored is the first data byte to be retrieved. 
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Register Stacks 





A LIFO memory is commonly referred to as a push-down stack. In some systems, it is 
implemented with a group of registers as shown in Figure 10—52. A stack can consist of any 
number of registers, but the register at the top is called the top-of-stack. 

To illustrate the principle, a byte of data is loaded in parallel onto the top of the stack. 
Each successive byte pushes the previous one down into the next register. This process is 
illustrated in Figure 10—53. Notice that the new data byte is always loaded into the top reg- 
ister and the previously stored bytes are pushed deeper into the stack. The name push-down 
stack comes from this characteristic. 


“FIGURE 10-52 
Register stack. 


Top-of-stack 
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First data byte pushed onto stack Second data byte pushed onto stack Third data byte pushed onto stack 4 FIGURE 10-53 
1 ^50 4*0 Wc 


Simplified illustration of 
pushing data onto the stack. 





———m 


Data bytes are retrieved in the reverse order. The last byte entered is always at the top 
of the stack, so when it is pulled from the stack, the other bytes pop up into the next higher 
locations. This process is illustrated in Figure 10—54. 


Initially storing 3 data bytes. After third byte is pulled After second byte is pulled «FIGURE 10-54 
The last byte in is at top-of- from stack, the second byte from stack, the first byte —— ————MPrá——Ó 
stack. that was stored pops up to that was stored pops up to Simplified illustration of pulling 
the top-of-stack. the top-of-stack. data from the stack. 
o 150-1. 90 i 0 1 Li 117158 HUS I CBS :00lI fi 
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RAM Stack 


Another approach to LIFO memory used in microprocessor-based systems is the allocation 
of a section of RAM as the stack rather than the use of a dedicated set of registers. As you 
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16-bit address have seen, for a register stack the data move up or down from one location to the next. In 
(hexadecimal) a RAM stack, the data do not move but the top-of-stack moves under control of a register 
Eg | called the stack pointer. 

Consider a random-access memory that is byte organized—that is, one in which 
each address contains eight bits—as illustrated in Figure 10—55. The binary address 
0000000000001111, for example, can be written as 000F in hexadecimal. A 16-bit address 
can have a minimum hexadecimal value of 0000;6 and a maximum value of FFFF;&. With 
this notation, a 64 kB memory array can be represented as shown in Figure 10—55. The 
lowest memory address is 0000;g and the highest memory address is FFFF 16. 

Now, consider a section of RAM set aside for use as a stack. A special separate register, 
the stack pointer, contains the address of the top of the stack, as illustrated in Figure 10—56. 
A 4-digit hexadecimal representation is used for the binary addresses. In the figure, the 
addresses are chosen for purposes of illustration. 

Now let’s see how data are pushed onto the stack. The stack pointer is initially at address 
FFEE}¢, which is the top of the stack as shown in Figure 10—56(a). The stack pointer is 
then decremented (decreased) by two to FFEC,g&. This moves the top of the stack to a 
lower memory address, as shown in Figure 10—56(b). Notice that the top of the stack is not 
stationary as in the fixed register stack but moves downward (to lower addresses) in the 
å FIGURE 10-55 RAM as data words are stored. Figure 10—56(b) shows that two bytes (one data word) are 
Representation of a 64 kB then pushed onto the stack. After the data word is stored, the top of the stack is at FFEC e. 
memory with the 16-bit Figure 10—57 illustrates the POP operation for the RAM stack. The last data word stored 
in the stack is read first. The stack pointer that is at FFEC is incremented (increased) by two 
to address FFEE,g and a POP operation is performed as shown in part (b). Keep in mind 
that RAMs are nondestructive when read, so the data word still remains in the memory 
after a POP operation. A data word is destroyed only when a new word is written over it. 
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Stack pointer 
Top-of-stack FFEC 


(a) The stack pointer is initially at FFEE before the data word (b) The stack pointer is decremented by two and the data 
00010010001 10100 (1234) is pushed onto the stack. word 00010010001 10100 is placed in the two locations 
prior to the original stack pointer location. 





À FIGURE 10-56 
Illustration of the PUSH operation for a RAM stack. 
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(a) The stack pointer is at FFEC before the data word is (b) The stack pointer is incremented by two and the last 
copied (popped) from the stack. data word stored is copied (popped) from the stack. 
A FIGURE 10-57 


Illustration of the POP operation for the RAM stack. 
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A RAM stack can be of any depth, depending on the number of continuous memory 
addresses assigned for that purpose. 


CCD Memories 


The CCD (charge-coupled device) memory stores data as charges on capacitors and has 
the ability to convert optical images to electrical signals. Unlike the DRAM, however, the 
storage cell does not include a transistor. High density is the main advantage of CCDs, and 
these devices are widely used in digital imaging. 

The CCD memory consists of long rows of semiconductor capacitors, called channels. 
Data are entered into a channel serially by depositing a small charge for a O and a large 
charge for a 1 on the capacitors. These charge packets are then shifted along the channel by 
clock signals as more data are entered. 

As with the DRAM, the charges must be refreshed periodically. This process is done by 
shifting the charge packets serially through a refresh circuit. Figure 10—58 shows the basic 
concept of a CCD channel. Because data are shifted serially through the channels, the CCD 
memory has a relatively long access time. CCD arrays are used in many modern cameras 
to capture video images in the form of light-induced charge. 


Eod hin - - ik T sul EE T 4FIGURE 10-58 
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10-8 Magnetic and Optical Storage 


Magnetic Storage 
Magnetic Hard Disks 


Computers use hard disks as the internal mass storage media. Hard disks are rigid “plat- 
ters" made of aluminum alloy or a mixture of glass and ceramic covered with a magnetic 
coating. Hard disk drives mainly come in three diameter sizes, 3.5 in., 2.5 in., and 1.8 in. 
Older formats of 8 in. and 5.25 in. are considered obsolete. A hard disk drive is hermeti- 
cally sealed to keep the disks dust-free. 

Typically, two or more disks are stacked on top of each other on a common shaft or 
spindle that turns the assembly at several thousand rpm. A separation between each disk 
allows for a magnetic read/write head that is mounted on the end of an actuator arm, as 
shown in Figure 10—59. There is a read/write head for both sides of each disk since data are 
recorded on both sides of the disk surface. The drive actuator arm synchronizes all the read/ 
write heads to keep them in perfect alignment as they "fly" across the disk surface with a 
separation of only a fraction of a millimeter from the disk. A small dust particle could cause 
a head to "crash," causing damage to the disk surface. 
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» FIGURE 10-59 7— Actuator arm 
A hard disk drive. FrameAngel/ mer 
shutterstock 










Spindle 


Basic Read/Write Head Principles 


The hard drive is a random-access device because it can retrieve stored data anywhere on 
the disk in any order. A simplified diagram of the magnetic surface read/write operation is 
shown in Figure 10—60. The direction or polarization of the magnetic domains on the disk 
surface is controlled by the direction of the magnetic flux lines (magnetic field) produced 
by the write head according to the direction of a current pulse in the winding. This mag- 
netic flux magnetizes a small spot on the disk surface in the direction of the magnetic field. 
A magnetized spot of one polarity represents a binary 1, and one of the opposite polarity 
represents a binary 0. Once a spot on the disk surface is magnetized, it remains until written 
over with an opposite magnetic field. 

When the magnetic surface passes a read head, the magnetized spots produce magnetic 
fields in the read head, which induce voltage pulses in the winding. The polarity of these 
pulses depends on the direction of the magnetized spot and indicates whether the stored bit 
is a 1 or a 0. The read and write heads are usually combined in a single unit. 






Voltage 
pulse Write 
» FIGURE 10-60 
operation. 


Magnetic E. 


surface of disk 


Hard Disk Format 


A hard disk is organized or formatted into tracks and sectors, as shown in Figure 10—61 (a). 
Each track is divided into a number of sectors, and each track and sector has a physical 
address that is used by the operating system to locate a particular data record. Hard disks 
typically have from a few hundred to thousands of tracks and are available with storage 
capacities of up to 1 TB or more. As you can see in the figure, there is a constant number 
of tracks/sector, with outer sectors using more surface area than the inner sectors. The 
arrangement of tracks and sectors on a disk is known as the format. 

A hard disk stack is illustrated in Figure 10—61(b). Hard disk drives differ in the number 
of disks in a stack, but there is always a minimum of two. All of the same corresponding 
tracks on each disk are collectively known as a cylinder, as indicated. 
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å FIGURE 10-61 
Hard disk organization and formatting. 


Hard Disk Performance 


Several basic parameters determine the performance of a given hard disk drive. A seek 
operation is the movement of the read/write head to the desired track. The seek time is the 
average time for this operation to be performed. Typically, hard disk drives have an average 
seek time of several milliseconds, depending on the particular drive. 

The latency period is the time it takes for the desired sector to spin under the head once 
the head is positioned over the desired track. A worst case is when the desired sector is 
just past the head position and spinning away from it. The sector must rotate almost a full 
revolution back to the head position. Average latency period assumes that the disk must 
make half of a revolution. Obviously, the latency period depends on the constant rotational 
speed of the disk. Disk rotation speeds are different for different disk drives but typically 
are from 4200 rpm to 15,000 rpm. 

The sum of the average seek time and the average latency period is the access time for 
the disk drive. 


Removable Hard Disk 


A removable hard disk drive with a capacity of 1 TB is available. Keep in mind that the tech- 
nology is changing so rapidly that there most likely will be further advancements at the time 
you are reading this. 


Magnetic Tape 


Tape is used for backup data from mass storage devices and typically is slower than disks 
because data on tape is accessed serially rather than randomly. There are several types that 
are available, including QIC, 8 mm, and DLT. 

QIC is an abbreviation for quarter-inch cartridge and looks much like audio tape cas- 
settes with two reels inside. Various QIC standards have from 28 to 108 tracks that can 
store from 80 MB to 1.6 GB. More recent innovations under the Travan standard have 
lengthened the tape and increased its width allowing storage capacities up to 10 GB. QIC 
tape drives use read/write heads that have a single write head with a read head on each 
side. This allows the tape drive to verify data just written when the tape is running in either 
direction. In the record mode, the tape moves past the read/write heads at approximately 
100 inches/second, as indicated in Figure 10—62. 
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å FIGURE 10-62 
QIC tape. 





8 mm tape was originally designed for the video industry but has been adopted by the 
computer industry as a reliable way to store large amounts of computer data. 

DLT is an abbreviation for digital linear tape. DLT is a half-inch wide tape, which is 
6096 wider than 8 mm and, of course, twice as wide as standard QIC. Basically, DLT dif- 
fers in the way the tape-drive mechanism works to minimize tape wear compared to other 
systems. DLT offers the highest storage capacity of all the tape formats with capacities 
ranging up to 800 GB. 


Magneto-Optical Storage 


As the name implies, magneto-optical (MO) storage devices use a combination of mag- 
netic and optical (laser) technologies. A magneto-optical disk is formatted into tracks and 
sectors similar to magnetic disks. 

The basic difference between a purely magnetic disk and an MO disk is that the mag- 
netic coating used on the MO disk requires heat to alter the magnetic polarization. There- 
fore, the MO is extremely stable at ambient temperature, making data unchangeable. To 
write a data bit, a high-power laser beam is focused on a tiny spot on the disk, and the 
temperature of that tiny spot is raised above a temperature level called the Curie point 
(about 200°C). Once heated, the magnetic particles at that spot can easily have their direc- 
tion (polarization) changed by a magnetic field generated by the write head. Information is 
read from the disk with a less-powerful laser than used for writing, making use of the Kerr 
effect where the polarity of the reflected laser light is altered depending on the orientation 
of the magnetic particles. Magnetic spots of one polarity represent Os and magnetic spots 
of the opposite polarity represent 1s. Basic MO operation is shown in Figure 10—63, which 
represents a small cross-sectional area of a disk. 


Optical Storage 
CD-ROM 


The most common Compact Disk-Read-Only Memory is a 120 mm diameter disk with 
a sandwich of three coatings: a polycarbonate plastic on the bottom, a thin aluminum 
sheet for reflectivity, and a top coating of lacquer for protection. The CD-ROM disk is 
formatted in a single spiral track with sequential 2 kB sectors and has a capacity of 680 
MB. Data are prerecorded at the factory in the form of minute indentations called pits 
and the flat area surrounding the pits called /ands. The pits are stamped into the plastic 
layer and cannot be erased. 

A CD player reads data from the spiral track with a low-power infrared laser, as illus- 
trated in Figure 10—64. The data are in the form of pits and lands as shown. Laser light 
reflected from a pit is 180? out-of-phase with the light reflected from the lands. As the disk 
rotates, the narrow laser beam strikes the series of pits and lands of varying lengths, and a 
photodiode detects the difference in the reflected light. The result is a series of 1s and Os 
corresponding to the configuration of pits and lands along the track. 





Magnetic 
spot 


Disk 
^ D — 
rotation 





(a) Unrecorded disk 


Reflected beam 









Detector 


"THEE 
THES 


Mirror 


Low-power 
laser beam 


AEE ELE ELE LEE ELE 


— 





(c) Reading: A low-power laser beam reflects off of the reversed- 
polarity magnetic particles and its polarization shifts. If the particles 
are not reversed, the polarization of the reflected beam is unchanged. 


A FIGURE 10-63 
Basic principle of a magneto-optical disk. 


Photoelectric 
cell 


Laser 


EA Digital Fundamentals, Eleventh Edition 










D Lens 


High-power 
laser beam 


Sees rij 
ARIAT ETETETET LIE EE IELETE) 


+ 


Magnetic spot is heated 4— Write 
by laser and magnetized —> current 
by electromagnetic field. T 


(b) Writing: A high-power laser beam heats the spot, causing the 
magnetic particles to align with the electromagnetic field. 
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(d) Erasing: The electromagnetic field is reversed as the high- 
power laser beam heats the spot, causing the magnetic particles 
to be restored to the original polarity. 


Dx * FIGURE 10-64 


Basic operation of reading 
data from a CD-ROM. 
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WORM 


Write Once/Read Many (WORM ) is a type of optical storage that can be written onto one 
time after which the data cannot be erased but can be read many times. To write data, a low- 
power laser is used to burn microscopic pits on the disk surface. 1s and Os are represented 
by the burned and nonburned areas. 





- CD-R 


This is essentially a type of WORM. The difference is that the CD-Recordable allows mul- 
tiple write sessions to different areas of the disk. The CD-R disk has a spiral track like the 
CD-ROM, but instead of mechanically pressing indentations on the disk to represent data, 
the CD-R uses a laser to burn microscopic spots into an organic dye surface. When heated 
beyond a critical temperature with a laser during read, the burned spots change color and 
reflect less light than the nonburned areas. Therefore, 1s and Os are represented on a CD-R 
by burned and nonburned areas, whereas on a CD-ROM they are represented by pits and 
lands. Like the CD-ROM, the data cannot be erased once it is written. 


CD-RW 


The CD-Rewritable disk can be used to read and write data. Instead of the dye-based record- 
ing layer in the CD-R, the CD-RW commonly uses a crystalline compound with a special 
property. When it is heated to a certain temperature, it becomes crystalline when it cools; 
but if it is heated to a certain higher temperature, it melts and becomes amorphous when it 
cools. To write data, the focused laser beam heats the material to the melting temperature 
resulting in an amorphous state. The resulting amorphous areas reflect less light than the 
crystalline areas, allowing the read operation to detect 1s and Os. The data can be erased 
or overwritten by heating the amorphous areas to a temperature above the crystallization 
temperature but lower than the melting temperature that causes the amorphous material to 
revert to a crystalline state. 


DVD-ROM 


Originally DVD was an abbreviation for Digital Video Disk but eventually came to repre- 
sent Digital Versatile Disk. Like the CD-ROM, DVD-ROM data are prestored on the disk. 
However, the pit size is smaller than for the CD-ROM, allowing more data to be stored on 
a track. The major difference between CD-ROM and DVD-ROM is that the CD is single- 
sided, while the DVD has data on both sides. Also, in addition to double-sided DVD disks, 
there are also multiple-layer disks that use semitransparent data layers placed over the main 
data layers, providing storage capacities of tens of gigabytes. To access all the layers, the 
laser beam requires refocusing going from one layer to the other. 


Blu-Ray 


The Blu-ray Disc (BD) is designed to eventually replace the DVD. The BD is the same 
size as DVDs and CDs. The name Blu-ray refers to the blue laser used to read the disc. 
DVDs use a red laser that has a longer wavelength. Information can be stored on a BD at 
a greater density and video definition than is possible with a DVD. The smaller Blu-ray 
laser beam can read recorded data in pits that are less than half the size of the pits on a 
DVD. A Blu-ray Disc can store about five times more data than a DVD. Typical storage 
capacities for conventional Blu-ray dual-layer discs are 50 GB, which is the industry 
standard for feature-length video. Triple layer and quadruple layer discs (BD-XL) can 
store 100 GB and 128 GB, respectively. Storage capacities up to 1 TB are currently under 
development. 


SECTION 10-8 1. List the major types of magnetic storage. 
CHECKUP 2. Generally, how is a magnetic disk organized? 


3. How are data written on and read from a magneto-optical disk? 
4. List the types of optical storage. 
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TRUE / FALSE QUIZ |. Answers are at the end of the chapter. 





1. A data byte consists of eight bits. 

2. A memory cell can store a byte of data. 

3. The write operation stores data in memory. 

4. The read operation always erases the data byte. 

5. RAM is a random address memory. 

6. Stored data are lost if power is removed from a static RAM. 

7. Cache is a type of memory used for intermediate or temporary storage of data. 

8. Dynamic RAMs must be periodically refreshed to retain data. 

9. ROM is a random output memory. 

10. A flash memory uses a flashing beam of light to store data. 
SELF-TEST os 3 Es BU Answers are at the end of the chapter. 

1. The bit capacity of a memory that has 1024 addresses and can store 8 bits at each address is 
(a) 1024 (b) 8192 (c) 8 (d) 4096 

2. A 32-bit data word consists of 
(a) 2 bytes (b) 4 nibbles (c) 4bytes (d) 3 bytes and 1 nibble 


10. 


11. 


12. 


. Data are stored in a random-access memory (RAM) during the 


(a) read operation 
(c) write operation 


(b) enable operation 
(d) addressing operation 


. Data that are stored at a given address in a random-access memory (RAM) are lost when 


(b) the data are read from the address 
(d) answers (a) and (c) 


(a) power goes off 
(c) new data are written at the address 


. AROMisa 


(a) nonvolatile memory 
(c) read/write memory 


(b) volatile memory 
(d) byte-organized memory 


. A memory with 256 addresses has 


(a) 256 address lines 
(c) 1 address line 


(b) 6 address lines 
(d) 8 address lines 


. A byte-organized memory has 


(a) 1 data output line 
(c) 8 data output lines 


(b) 4 data output lines 
(d) 16 data output lines 


. The storage cell in a SRAM is 


(a) a flip-flop (b) a capacitor (c) a fuse (d) a magnetic domain 


. A DRAM must be 


(a) replaced periodically 
(c) always enabled 


(b) refreshed periodically 
(d) programmed before each use 


A flash memory is 
(a) volatile (b) a read-only memory 
(c) a read/write memory (d) nonvolatile 


(e) answers (a) and (c) (f) answers (c) and (d) 

SRAM, DRAM, flash, and EEPROM are all 

(a) magneto-optical storage devices (b) semiconductor storage devices 
(c) magnetic storage devices (d) optical storage devices 
Optical storage devices employ 
(a) ultraviolet light 

(c) optical couplers 


(b) electromagnetic fields 
(d) lasers 
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swe to odd-numbered problems are at the end of the book. 





Section 10-1 Semiconductor Memory Basics 
1. Identify the ROM and the RAM in Figure 10—65. 


FIGURE 10-65 Ao "n 
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(a) 


2. Explain why RAMs and ROMs are both random-access memories. 
3. Explain the purposes of the address bus and the data bus. 


4. What memory address (0 through 256) is represented by each of the following hexadecimal 
numbers: 


(a) OAig — (b) 3Fis (c) CD ig 


Section 10-2 The Random-Access Memory (RAM) 


5. A static memory array with four rows similar to the one in Figure 11—10 is initially storing all 
Os. What is its content after the following conditions? Assume a | selects a row. 


Row 0 = 1, Data in (Bit 0) = 1 
Row | = 0, Data in (Bit 1) = 1 
Row 2 = 1, Data in (Bit 2) = 1 
Row 3 = 0, Data in (Bit 3) = 0 
6. Draw a basic logic diagram for a 512 X 8-bit static RAM, showing all the inputs and outputs. 


7. Assuming that a 64k X 8 SRAM has a structure similar to that of the SRAM in Figure 10-12. 
determine the number of rows and 8-bit columns in its memory cell array. 


8. Redraw the block diagram in Figure 10—12 for a 64k X 8 memory. 
9. Explain the difference between a SRAM and a DRAM. 
10. What is the capacity of a DRAM that has twelve address lines? 


Section 10-3 The Read-Only Memory (ROM) 


11. For the ROM array in Figure 10—66, determine the outputs for all possible input combinations, 
and summarize them in tabular form (Blue cell is a 1, gray cell is a 0). 


» FIGURE 10—66 
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12. Determine the truth table for the ROM in Figure 10-67. 





» FIGURE 10-67 





o O 
O; O, 0, Op 


13. Using a procedure similar to that in Example 10-1, design a ROM for conversion of single- 
digit BCD to excess-3 code. 


14. What is the total bit capacity of a ROM that has 14 address lines and 8 data outputs? 


Section 10-4 Programmable ROMs 


15. Determine the addresses that are programmed and the contents of each address after the 
programming sequence in Figure 10—68 has been applied to an EPROM like the one shown in 
Figure 10-31. 


Section 10-6 Memory Expansion 
16. Use 16k X 4 DRAMS to build a 64k X 8 DRAM. Show the logic diagram. 


17. Using a block diagram, show how 64k X 1 dynamic RAMS can be expanded to build a 
256k X 4 RAM. 


18. What is the word length and the word capacity of the memory of Problem 16? Problem 17? 


Section 10-7 Special Types of Memories 


19. Complete the timing diagram in Figure 10—69 by showing the output waveforms that are 
initially all LOW for a FIFO serial memory like that shown in Figure 10—50. 


20. Consider a 4096 X 8 RAM in which the last 64 addresses are used as a LIFO stack. If the first 
address in the RAM is 000)¢, designate the 64 addresses used for the stack. 


21. In the memory of Problem 20, sixteen bytes are pushed into the stack. At what address is the 
first byte in located? At what address is the last byte in located? 


Section 10-8 Magnetic and Optical Storage 

22. Describe the general format of a hard disk. 

23. Explain seek time and latency period in a hard disk drive. 

24. Why does magnetic tape require a much longer access time than does a disk? 
25. Explain the differences in a magneto-optical disk, a CD-ROM, and a WORM. 
26. What is the main difference between a Blu-ray Disc and a DVD? 

27. Name two advantages of Blu-ray compared to a DVD. 
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SECTION CHECKUPS 

Section 10-1 Semiconductor Memory Basics 
. Bit is the smallest unit of data. 

. 256 bytes is 2048 bits. 


. A write operation stores data in memory. 


. A read operation takes a copy of data from memory. 
. A unit of data is located by its address. 
. ARAM is volatile and has read/write capability. A ROM is nonvolatile and has only read capability. 


ON uk WS Nm 
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Section 10-2 The Random-Access Memory (RAM) 
1. Asynchronous and synchronous with burst feature 
2. A small fast memory between the CPU and main memory 


3. SRAMs have latch storage cells that can retain data indefinitely while power is applied. 
DRAMs have capacitive storage cells that must be periodically refreshed. 


4. The refresh operation prevents data from being lost because of capacitive discharge. A stored 
bit is restored periodically by recharging the capacitor to its nominal level. 


5. FPM, EDO, BEDO, Synchronous 


Section 10-3 The Read-Only Memory (ROM) 
1. 512 X 8 equals 4096 bits. 
2. Mask ROM, PROM, EPROM, UV EPROM, EEPROM 
3. Eight bits of address are required for 256 byte locations (28 = 256). 


Section 10-4 Programmable ROMs 
1. PROMs are field-programmable; ROMs are not. 
2. Presence or absence of stored charge 
3. Read is the normal mode of operation for a PROM. 


Section 10-5 The Flash Memory 
1. Flash, ROM, EPROM, and EEPROM are nonvolatile. 
2. Flash is nonvolatile; SRAM and DRAM are volatile. 
3. Programming, read, erase 


Section 10-6 Memory Expansion 
1. Eight RAMs 
2. Eight RAMs 
3. DIMM: Dual in-line memory module 


Section 10-7 Special Types of Memories 
1. In a FIFO memory the first bit (or word) in is the first bit (or word) out. 
2. Ina LIFO memory the /ast bit (or word) in is the first bit (or word) out. A stack is a LIFO. 
3. The PUSH operation or instruction adds data to the memory stack. 
4. The POP operation or instruction removes data from the memory stack. 
5. CCD is a charge-coupled device. 


Section 10-8 Magnetic and Optical Storage 
1. Magnetic storage: hard disk, tape, and magneto-optical disk 
2. A magnetic disk is organized in tracks and sectors. 
3. A magneto-optical disk uses a laser beam and an electromagnet. 
4. Optical storage: CD-ROM, CD-R, CD-RW, DVD-ROM, WORM, Blu-ray Disc (BD) 


RELATED PROBLEMS FOR EXAMPLES 

10-1 G3G,G,Gp = 1110 

10-2 Connect eight 64k X 1 ROMs in parallel to form a 64k X 8 ROM. 
10-3 Sixteen 64k X 1 ROMs 

10-4 See Figure 10-70. 

10-5 ROM 1: 0 to 524,287; ROM 2: 524,288 to 1,048,575 
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SELF-TEST 
1. (b) 2. (c) 3. (c) 4. (d) 5. (a) 6. (d) 7. (c) 
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CHAPTER OUTLINE 


11-71 Analog-to-Digital Conversion 11-3 Methods of Digital-to-Analog Conversion 
11-2 Methods of Analog-to-Digital Conversion 11-4 Digital Signal Processing 


11-1 Analog-to-Digital Conversion 


Sampling and Filtering 


An anti-aliasing filter and a sample-and-hold circuit are two functions typically found in a 
digital signal processing system. The sample-and-hold function does two operations, the 
first of which is sampling. Sampling is the process of taking a sufficient number of dis- 
crete values at points on a waveform that will define the shape of the waveform. The more 
samples you take, the more accurately you can define a waveform. Sampling converts an 
analog signal into a series of impulses, each representing the amplitude of the signal at a 
given instant in time. Figure 11—1 illustrates the process of sampling. 






Analog 
input 
signal 


Sampling 
pulses 


Sampling 
circuit 


Sampled 
version of 
input signal 


When an analog signal is to be sampled, there are certain criteria that must be met in 
order to accurately represent the original signal. All analog signals (except a pure sine 
wave) contain a spectrum of component frequencies. For a pure sine wave, these frequen- 
cies appear in multiples called harmonics. The harmonics of an analog signal are sine 
waves of different frequencies and amplitudes. When the harmonics of a given periodic 


«FIGURE 11-1 





Illustration of the sampling 
process. 
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waveform are added, the result is the original signal. Before a signal can be sampled, it 
must be passed through a low-pass filter (anti-aliasing filter) to eliminate harmonic fre- 
quencies above a certain value as determined by the Nyquist frequency. 


The Sampling Theorem 


Notice in Figure 11—1 that there are two input waveforms. One is the analog signal and the 

= other is the sampling pulse waveform. The sampling theorem states that, in order to rep- 
resent an analog signal, the sampling frequency, fsample, must be at least twice the highest 
frequency component fa(max) Of the analog signal. Another way to say this is that the highest 
analog frequency can be no greater than one-half the sampling frequency. The frequency 
fa(max) is known as the Nyquist frequency and is expressed in Equation 11-1. In practice, 
the sampling frequency should be more than twice the highest analog frequency. 


Ssampie > 2fa(max) Equation 11-1 


To intuitively understand the sampling theorem, a simple “bouncing-ball” analogy may 
be helpful. Although it is not a perfect representation of the sampling of electrical signals, 
it does serve to illustrate the basic idea. If a ball is photographed (sampled) at one instant 
during a single bounce, as illustrated in Figure 11—2(a), you cannot tell anything about the 
path of the ball except that it is off the floor. You can't tell whether it is going up or down 
or the distance of its bounce. If you take photos at two equally-spaced instants during 
one bounce, as shown in part (b), you can obtain only a minimum amount of information 
about its movement and nothing about the distance of the bounce. In this particular case, 
you know only that the ball has been in the air at the times the two photos were taken and 
that the maximum height of the bounce is at least equal to the height shown in each photo. 
If you take four photos, as shown in part (c), then the path that the ball follows during a 
bounce begins to emerge. The more photos (samples) that you take, the more accurately 
you can determine the path of the ball as it bounces. 





(a) One sample of a ball during a (b) Two samples of a ball during a single (c) Four samples of a ball during a single 
single bounce bounce. This is the absolute minimum bounce form a rough picture of the path 
required to tell anything about its of the ball. 


movement, but generally insufficient 
to describe its path. 


å FIGURE 11-2 
Bouncing ball analogy of sampling theory. 


The Need for Filtering 


Low-pass filtering is necessary to remove all frequency components (harmonics) of the 
analog signal that exceed the Nyquist frequency. If there are any frequency components 
in the analog signal that exceed the Nyquist frequency, an unwanted condition known as 
aliasing will occur. An alias is a signal produced when the sampling frequency is not at 
least twice the signal frequency. An alias signal has a frequency that is less than the high- 
est frequency in the analog signal being sampled and therefore falls within the spectrum 
or frequency band of the input analog signal causing distortion. Such a signal is actually 
“posing” as part of the analog signal when it really isn't, thus the term alias. 

Another way to view aliasing is by considering that the sampling pulses produce a 
spectrum of harmonic frequencies above and below the sample frequency, as shown in 
Figure 11-3. If the analog signal contains frequencies above the Nyquist frequency, these 
frequencies overlap into the spectrum of the sample waveform as shown and interference 
occurs. The lower frequency components of the sampling waveform become mixed in with 
the frequency spectra of the analog waveform, resulting in an aliasing error. 
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A low-pass anti-aliasing filter must be used to limit the frequency spectrum of the analog 
signal for a given sample frequency. To avoid an aliasing error, the filter must at least 
eliminate all analog frequencies above the minimum frequency in the sampling spectrum, 
as illustrated in Figure 11—4. Aliasing can also be avoided by sufficiently increasing the 
sampling frequency. However, the maximum sampling frequency is usually limited by the 
performance of the analog-to-digital converter (ADC) that follows it. 
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An Application 


An example of the application of sampling is in digital audio equipment. The sampling 
rates used are 32 kHz, 44.1 kHz, or 48 kHz (the number of samples per second). The 
48 kHz rate is the most common, but the 44.1 kHz rate is used for audio CDs and prerecorded 
tapes. According to the Nyquist rate, the sampling frequency must be at least twice the audio 
signal. Therefore, the CD sampling rate of 44.1 kHz captures frequencies up to about 22 kHz, 
which exceeds the 20 kHz specification that is common for most audio equipment. 

Many applications do not require a wide frequency range to obtain reproduced sound 
that is acceptable. For example, human speech contains some frequencies near 10 kHz and, 
therefore, requires a sampling rate of at least 20 kHz. However, if only frequencies up to 
4 kHz (ideally requiring an 8 kHz minimum sampling rate) are reproduced, voice is very 
understandable. On the other hand, if a sound signal is not sampled at a high enough rate, 
the effect of aliasing will become noticeable with background noise and distortion. 


Holding the Sampled Value 


The holding operation is the second part of the sample-and-hold function. After filtering 
and sampling, the sampled level must be held constant until the next sample occurs. This 
is necessary for the ADC to have time to process the sampled value. This sample-and-hold 
operation results in a "stairstep" waveform that approximates the analog input waveform, 
as shown in Figure 11—5. 


Analog-to-Digital Conversion 


Analog-to-digital conversion is the process of converting the output of the sample- 
and-hold circuit to a series of binary codes that represent the amplitude of the analog 
input at each of the sample times. The sample-and-hold process keeps the amplitude 
of the analog input signal constant between sample pulses; therefore, the analog-to- 
digital conversion can be done using a constant value rather than having the analog 
signal change during a conversion interval, which is the time between sample pulses. 


* FIGURE 11-3 
A basic illustration of the 
condition fas < 2f. 


«FIGURE 11-4 
After low-pass filtering, the 
frequency spectra of the 
analog and the sampling 
signals do not overlap, thus 
eliminating aliasing error. 
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Figure 11-6 illustrates the basic function of an analog-to-digital converter (ADC), 
which is a circuit that performs analog-to-digital conversion. The sample intervals are 
indicated by dashed lines. 
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Sample-and-hold approximation 
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à FIGURE 11-5 
Illustration of a sample-and-hold operation. 
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4 FIGURE 11-6 

Basic function of an analog-to-digital converter (ADC) (The binary codes and number 
of bits are arbitrarily chosen for illustration only). The ADC output waveform that 
represents the binary codes is also shown. 


Quantization 


The process of converting an analog value to a code is called quantization. During the 
quantization process, the ADC converts each sampled value of the analog signal to a binary 
code. The more bits that are used to represent a sampled value, the more accurate is the 
representation. 

To illustrate, let's quantize a reproduction of the analog waveform into four levels (0-3). 
Two bits are required for four levels. As shown in Figure 11—7, each quantization level 
is represented by a 2-bit code on the vertical axis, and each sample interval is numbered 
along the horizontal axis. The sampled data is held for the entire sample period. This data 
is quantized to the next lower level, as shown in Table 11—1 (for example, compare samples 
3 and 4, which are assigned different levels). 


If the resulting 2-bit digital codes are used to reconstruct the original waveform, you 
would get the waveform shown in Figure 11—8. This operation is done by digital-to- 
analog converters (DACs), which are circuits that perform digital-to-analog conver- 
sions. As you can see, quite a bit of accuracy is lost using only two bits to represent 
the sampled values. 
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Quantization «FIGURE 11-7 
nes Sample-and-hold output 
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TNT gne * TABLE 11-1 
sk SA Two-bit quantization for the 
l 0 00 waveform in Figure 11-7. 
2 l 01 
3 2 10 
4 l 01 
5 l 01 
6 1 01 
7 1 01 
8 P. 10 
9 3 11 
10 3 11 
11 3 11 
12 3 11 
13 3 11 
Now, let's see how more bits will improve the accuracy. Figure 11—9 shows the same 
waveform with sixteen quantization levels (4 bits). The 4-bit quantization process is sum- 
marized in Table 11-2. 
If the resulting 4-bit digital codes are used to reconstruct the original waveform, 
you would get the waveform shown in Figure 11—10. As you can see, the result is much 
more like the original waveform than for the case of four quantization levels in Figure 
11-8. This shows that greater accuracy is achieved with more quantization bits. Typi- 
cal integrated circuit ADCs use from 12 to 24 bits, and the sample-and-hold function 
is sometimes contained on the ADC chip. Several types of ADCs are introduced in the 
next section. 
Binary «FIGURE 11-8 
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» FIGURE 11-9 
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>TABLE 11-2 


Four-bit quantization for the 


waveform in Figure 11-9. 


> FIGURE 11-10 


The reconstructed waveform 


in Figure 11—9 using sixteen 
quantization levels (4 bits). 
The original analog waveform 
is shown in light gray for 
reference. 
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11-2 Methods of Analog-to-Digital Conversion 


A Quick Look at an Operational Amplifier 


Before getting into analog-to-digital converters (ADCSs), let's look briefly at an element that 
is common to most types of ADCs and digital-to-analog converters (DACs). This element 
is the operational amplifier, or op-amp for short. This is an abbreviated coverage of the 
op-amp. 

An op-amp is a linear amplifier that has two inputs (inverting and noninverting) and one 
output. It has a very high voltage gain and a very high input impedance, as well as a very 
low output impedance. The op-amp symbol is shown in Figure 11—11(a). When used as an 
inverting amplifier, the op-amp is configured as shown in part (b). The feedback resistor, 
Rp and the input resistor, R;, control the voltage gain according to the formula in Equation 
11-2, where V,,/V;, is the closed-loop voltage gain (closed loop refers to the feedback 
from output to input provided by R,). The negative sign indicates inversion. 


Vout Ry f 
Vin =- R; Equation 11-2 





In the inverting amplifier configuration, the inverting input of the op-amp is approximately 
at ground potential (0 V) because feedback and the extremely high open-loop gain make the 
differential voltage between the two inputs extremely small. Since the noninverting input is 
grounded, the inverting input is at approximately 0 V, which is called virtual ground. 

When the op-amp is used as a comparator, as shown in Figure 11—11(c), two voltages 
are applied to the inputs. When these input voltages differ by a very small amount, the op- 
amp is driven into one of its two saturated output states, either HIGH or LOW, depending 
on which input voltage is greater. 
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(a) Op-amp symbol (b) Op-amp as an inverting amplifier (c) Op-amp as a comparator 


with gain of R,IR; 


å FIGURE 11-11 
The operational amplifier (op-amp). 


Flash (Simultaneous) Analog-to-Digital Converter 


The flash method utilizes special high-speed comparators that compare reference voltages 
with the analog input voltage. When the input voltage exceeds the reference voltage for a 
given comparator, a HIGH is generated. Figure 11—12 shows a 3-bit converter that uses 
seven comparator circuits; a comparator is not needed for the all-Os condition. A 4-bit con- 
verter of this type requires fifteen comparators. In general, 2" — 1 comparators are required 
for conversion to an n-bit binary code. The number of bits used in an ADC is its resolution. 
The large number of comparators necessary for a reasonable-sized binary number is one of 
the disadvantages of the flash ADC. Its chief advantage is that it provides a fast conversion 
time because of a high throughput, measured in samples per second (sps). 

The reference voltage for each comparator is set by the resistive voltage-divider circuit. 
The output of each comparator is connected to an input of the priority encoder. The encoder 
is enabled by a pulse on the EN input, and a 3-bit code representing the value of the input 
appears on the encoder's outputs. The binary code is determined by the highest-order input 
having a HIGH level. 

The frequency of the enable pulses and the number of bits in the binary code determine 
the accuracy with which the sequence of binary codes represents the input of the ADC. The 
signal is sampled each time the enable pulse is active. 
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4 FIGURE 11-12 
A 3-bit flash ADC. 
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Dual-Slope Analog-to-Digital Converter 


A dual-slope ADC is common in digital voltmeters and other types of measurement instru- 
ments. A ramp generator (integrator) is used to produce the dual-slope characteristic. A 
block diagram of a dual-slope ADC is shown in Figure 11-15. 


Analog 
input (V;,) & “FIGURE 11-15 


Basic dual-slope ADC. 
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Figure 11—16 illustrates dual-slope conversion. Start by assuming that the counter is 
reset and the output of the integrator is zero. Now assume that a positive input voltage is 
applied to the input through the switch (SW) as selected by the control logic. Since the 
inverting input of A, is at virtual ground, and assuming that V;, is constant for a period 
of time, there will be constant current through the input resistor R and therefore through 
the capacitor C. Capacitor C will charge linearly because the current is constant, and as a 
result, there will be a negative-going linear voltage ramp on the output of Aj, as illustrated 
in Figure 11—16(a). 

When the counter reaches a specified count (n), it will be reset (R), and the control logic 
will switch the negative reference voltage (—Vpgr) to the input of Aj, as shown in Figure 
11—16(b). At this point the capacitor is charged to a negative voltage (—V) proportional to 
the input analog voltage. 

Now the capacitor discharges linearly because of the constant current from the —Vpgr, 
as shown in Figure 11—16(c). This linear discharge produces a positive-going ramp on the 
A, output, starting at —V and having a constant slope that is independent of the charge volt- 
age. As the capacitor discharges, the counter advances from its RESET state. The time it 
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takes the capacitor to discharge to zero depends on the initial voltage —V (proportional to 
Vin) because the discharge rate (slope) is constant. When the integrator (A1) output voltage 
reaches zero, the comparator (A5) switches to the LOW state and disables the clock to the 
counter. The binary count is latched, thus completing one conversion cycle. The binary 
count is proportional to V;, because the time it takes the capacitor to discharge depends 
only on —V, and the counter records this interval of time. 
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å FIGURE 11-16 
Illustration of dual-slope conversion. 
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Successive-Approximation Analog-to-Digital Converter 


One of the most widely used methods of analog-to-digital conversion is successive- 
approximation. It has a much faster conversion time than the dual-slope conversion, but 
it is slower than the flash method. It also has a fixed conversion time that is the same for 
any value of the analog input. 

Figure 11—17 shows a basic block diagram of a 4-bit successive approximation ADC. 
It consists of a DAC (DAC S are covered in Section 11—3), a successive-approximation 
register (SAR), and a comparator. The basic operation is as follows: The input bits of 
the DAC are enabled (made equal to a 1) one at a time, starting with the most significant 
bit (MSB). As each bit is enabled, the comparator produces an output that indicates 
whether the input signal voltage is greater or less than the output of the DAC. If the 
DAC output is greater than the input signal, the comparator's output is LOW, caus- 
ing the bit in the register to reset. If the output is less than the input signal, the 1 bit 
is retained in the register. The system does this with the MSB first, then the next most 
significant bit, then the next, and so on. After all the bits of the DAC have been tried, 
the conversion cycle is complete. 


* FIGURE 11-17 
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In order to better understand the operation of the successive-approximation ADC, let's 
take a specific example of a 4-bit conversion. Figure 11—18 illustrates the step-by-step 
conversion of a constant input voltage (5.1 V in this case). Let's assume that the DAC has 
the following output characteristics: V,,,, = 8 V for the 2? bit (MSB), V,,, = 4 V for the 
2? bit, Vu = 2 V for the 2! bit, and V,,,, = 1 V for the 2° bit (LSB). 

Figure 11—18(a) shows the first step in the conversion cycle with the MSB = 1. The 
output of the DAC is 8 V. Since this is greater than the input of 5.1 V, the output of the 
comparator is LOW, causing the MSB in the SAR to be reset to a 0. 

Figure 11—18(b) shows the second step in the conversion cycle with the 2? bit equal to a 
1. The output of the DAC is 4 V. Since this is less than the input of 5.1 V, the output of the 
comparator switches to a HIGH, causing this bit to be retained in the SAR. 

Figure 11—18(c) shows the third step in the conversion cycle with the 2! bit equal to a 1. 
The output of the DAC is 6 V because there is a 1 on the 2? bit input and on the 2! bit input; 
4V + 2V = 6V. Since this is greater than the input of 5.1 V, the output of the comparator 
switches to a LOW, causing this bit to be reset to a 0. 

Figure 11—18(d) shows the fourth and final step in the conversion cycle with the 2° bit 
equal to a 1. The output of the DAC is 5 V because there is a 1 on the 2? bit input and on 
the 2° bit input; 4V + 1V = 5 V. 

The four bits have all been tried, thus completing the conversion cycle. At this point the 
binary code in the register is 0101, which is approximately the binary value of the input of 
5.1 V. Additional bits will produce an even more accurate result. Another conversion cycle 
now begins, and the basic process is repeated. The SAR is cleared at the beginning of each 
cycle. 
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å FIGURE 11-18 
Illustration of the successive-approximation conversion process. 


IMPLEMENTATION: ANALOG-TO-DIGITAL CONVERTER 


The ADC0804 is an example of a successive-approximation ADC. A block diagram is 
shown in Figure 11—19. This device operates from a +5 V supply and has a resolution 
of eight bits with a conversion time of 100 ys. Also, it has an on-chip clock generator. 
Optionally, an external clock can be used. The data outputs are tri-state, so they can be 
interfaced with a microprocessor bus system. 
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The basic operation of the device is as follows: The ADC0804 contains the equivalent 
of a 256-resistor DAC network. The successive-approximation logic sequences the net- 
work to match the analog differential input voltage (V;,; — Vj, ) with an output from the 
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resistive network. The MSB is tested first. After eight comparisons (sixty-four clock peri- 
ods), an 8-bit binary code is transferred to output latches, and the interrupt (/NTR) output 
goes LOW. The device can be operated in a free-running mode by connecting the INTR 
output to the write (WR) input and holding the conversion start (CS) LOW. To ensure startup 
under all conditions, a LOW WR input is required during the power-up cycle. Taking CS 
low anytime after that will interrupt the conversion process. 

When the WR input goes LOW, the internal successive-approximation register (SAR) 
and the 8-bit shift register are reset. As long as both CS and WR remain LOW, the ADC 
remains in a RESET state. Conversion starts one to eight clock periods after C$ or WR 
makes a LOW-to-HIGH transition. 

When a LOW is at both the C$ and RD inputs, the tri-state output latch is enabled and 
the output code is applied to the Dg-D; lines. When either the CS or the RD input returns 
to a HIGH, the Dp—D7 outputs are disabled. 








Sigma-Delta Analog-to-Digital Converter 


Sigma-delta is a widely used method of analog-to-digital conversion, particularly in telecom- 
munications using audio signals. The method is based on delta modulation where the differ- 
ence between two successive samples (increase or decrease) is quantized; other ADC methods 
were based on the absolute value of a sample. Delta modulation is a 1-bit quantization method. 

The output of a delta modulator is a single-bit data stream where the relative number of 1s 
and Os indicates the level or amplitude of the input signal. The number of 1s over a given num- 
ber of clock cycles establishes the signal amplitude during that interval. A maximum number 
of 1s corresponds to the maximum positive input voltage. A number of 1s equal to one-half the 
maximum corresponds to an input voltage of zero. No 1s (all Os) corresponds to the maximum 
negative input voltage. This is illustrated in a simplified way in Figure 11—20. For example, 
assume that 4096 1s occur during the interval when the input signal is a positive maximum. 
Since zero is the midpoint of the dynamic range of the input signal, 2048 1s occur during the 
interval when the input signal is zero. There are no 1s during the interval when the input signal is 
a negative maximum. For signal levels in between, the number of 1s is proportional to the level. 
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The Sigma-Delta ADC Functional Block Diagram 


The basic block diagram in Figure 11—21 accomplishes the conversion illustrated in Figure 
11-20. The analog input signal and the analog signal from the converted quantized bit 
stream from the DAC in the feedback loop are applied to the summation (2) point. The dif- 
ference (A) signal out of the X is integrated, and the 1-bit ADC increases or decreases the 
number of 1s depending on the difference signal. This action attempts to keep the quantized 
signal that is fed back equal to the incoming analog signal. The 1-bit quantizer is essen- 
tially a comparator followed by a latch. 


To complete the sigma-delta conversion process using one particular approach, the 
single bit data stream is converted to a series of binary codes, as shown in Figure 11—22. 
The counter counts the 1s in the quantized data stream for successive intervals. The code 
in the counter then represents the amplitude of the analog input signal for each interval. 
These codes are shifted out into the latch for temporary storage. What comes out of the 
latch is a series of n-bit codes, which completely represent the analog signal. 
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å FIGURE 11-22 
One type of sigma-delta ADC. 
à = \ 
Testing Analog-to-Digital Converters 
One method for testing ADCs is shown in Figure 11—23. A DAC is used as part of the test 
setup to convert the ADC output back to analog form for comparison with the test input. 
Analog input 
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Binary 
code 







Analog output 


4 FIGURE 11-23 
A method for testing ADCs. 


A test input in the form of a linear ramp is applied to the input of the ADC. The result- 
ing binary output sequence is then applied to the DAC test unit and converted to a stairstep 
ramp. The input and output ramps are compared for any deviation. 


Analog-to-Digital Conversion Errors 


Again, a 4-bit conversion is used to illustrate the principles. Let’s assume that the test input 
is an ideal linear ramp. 


Missing Code 


The stairstep output in Figure 11—24(a) indicates that the binary code 1001 does not appear 
on the output of the ADC. Notice that the 1000 value stays for two intervals and then the 
output jumps to the 1010 value. 

In a flash ADC, for example, a failure of one of the op-amp comparators can cause a 
missing-code error. 
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4 FIGURE 11-24 


Illustrations of analog-to-digital conversion errors. 


incorrect Code 


The stairstep output in Figure 11—24(b) indicates that several of the binary code words 
coming out of the ADC are incorrect. Analysis indicates that the 2!-bit line is stuck in the 


LOW (0) state in this particular case. 


Offset 


Offset conditions are shown in 11—24(c). In this situation the ADC interprets the analog ` 


input voltage as greater than its actual value. 
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11-3 Methods of Digital-to-Analog Conversion 





Binary-Weighted-Input Digital-to-Analog Converter  : 


One method of digital-to-analog conversion uses a resistor network with resistance values 
that represent the binary weights of the input bits of the digital code. Figure 11—26 shows 
a 4-bit DAC of this type. Each of the input resistors will either have current or have no cur- 
rent, depending on the input voltage level. If the input voltage is zero (binary 0), the current 
is also zero. If the input voltage is HIGH (binary 1), the amount of current depends on the 
input resistor value and is different for each input resistor, as indicated in the figure. 


» FIGURE 11—26 Loy V 8R - Vout à HR, 
A 4-bit DAC with binary- ~ SR 
weighted inputs. V 
= ap 
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Since there is practically no current into the op-amp inverting (—) input, all of the input 
currents sum together and go through R Since the inverting input is at O V (virtual ground), 
the drop across Ry is equal to the output voltage, so Vj = IjRy 

The values of the input resistors are chosen to be inversely proportional to the binary 
weights of the corresponding input bits. The lowest-value resistor (R) corresponds to the 
highest binary-weighted input (2°). The other resistors are multiples of R (that is, 2R, 4R, 
and 8R) and correspond to the binary weights 27, 2!, and 2°, respectively. The input cur- 
rents are also proportional to the binary weights. Thus, the output voltage is proportional to 
the sum of the binary weights because the sum of the input currents is through Rx 

Disadvantages of this type of DAC are the number of different resistor values and the 
fact that the voltage levels must be exactly the same for all inputs. For example, an 8-bit 
converter requires eight resistors, ranging from some value of R to 128R in binary-weighted 
steps. This range of resistors requires tolerances of one part in 255 (less than 0.5%) to accu- 
rately convert the input, making this type of DAC very difficult to mass-produce. 
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EXAMPLE 11-3 





Determine the output of the DAC in Figure 11—27(a) if the waveforms representing a sequence of 4-bit numbers in Figure 
11—27(b) are applied to the inputs. Input Dp is the least significant bit (LSB). 
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^ FIGURE 11-27 


Solution 


First, determine the current for each of the weighted inputs. Since the inverting (—) input of the op-amp is at 0 V (vir- 
tual ground) and a binary 1 corresponds to +5 V, the current through any of the input resistors is 5 V divided by the 
resistance value. 
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Almost no current goes into the inverting op-amp input because of its extremely high impedance. Therefore, assume that 
all of the current goes through the feedback resistor Rs. Since one end of Rẹ is at O V (virtual ground), the drop across Rẹ 
equals the output voltage, which is negative with respect to virtual ground. 

Vou(po) = (10 k(0)(-0.025 mA) = —0.25 V 
Vout(D1) = (10 kQ)(—0.05 mA) = —0.5 V 
Vout(D2) - (10 kQ.)(—0.1 mA) = -1V 
Vou(pa) = (10kQ)(-0.2 mA) = —2 V 

From Figure 11—27(b), the first binary input code is 0000, which produces an output voltage of 0 V. The next input code 
is 0001, which produces an output voltage of —0.25 V. The next code is 0010, which produces an output voltage of —0.5 V. 
The next code is 0011, which produces an output voltage of -0.25 V + —0.5 V = —0.75 V. Each successive binary code 


increases the output voltage by —0.25 V, so for this particular straight binary sequence on the inputs, the output is a stairstep 
waveform going from 0 V to —3.75 V in —0.25 V steps. This is shown in Figure 11—28. 


Related Problem 
Reverse the input waveforms to the DAC in Figure 11—27 (D3 to Do, D2 to Di, Dj to Dz, Do to D3) and determine the output. 
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The H/2R Ladder Digital-to-Analog Converter 


Another method of digital-to-analog conversion is the R/2R ladder, as shown in Figure 
11—29 for four bits. It overcomes one of the problems in the binary-weighted-input DAC in 
that it requires only two resistor values. 


» FIGURE 11-29 is 


An R/2R ladder DAC. 
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Start by assuming that the D3 input is HIGH (+5 V) and the others are LOW (ground, 
0 V). This condition represents the binary number 1000. A circuit analysis will show that 
this reduces to the equivalent form shown in Figure 11—30(a). Essentially no current goes 
through the 2R equivalent resistance because the inverting input is at virtual ground. Thus, 
all of the current (7 = 5 V/2R) through R; also goes through Ry, and the output voltage is —5 V. 
The operational amplifier keeps the inverting (—) input near zero volts (7:0 V) because of 
negative feedback. Therefore, all current goes through Rrrather than into the inverting input. 

Figure 11—30(b) shows the equivalent circuit when the D» input is at +5 V and the oth- 
ers are at ground. This condition represents 0100. If we thevenize* looking from Rg, we 
get 2.5 V in series with R, as shown. This results in a current through Ry of J = 2.5 V/2R, 
which gives an output voltage of —2.5 V. Keep in mind that there is no current into the op- 
amp inverting input and that there is no current through the equivalent resistance to ground 
because it has 0 V across it, due to the virtual ground. 


* Thevenin’s theorem states that any circuit can be reduced to an equivalent voltage source 
in series with an equivalent resistance. 


Digital Fundamentals, Eleventh Edition 








Equivalent ladder 
resistance with D», ———» 
D,, and Do grounded 








Dy z0 D4z0 
D, =0 


(b) Equivalent circuit for Dj = 0, D = 1, Dj = 0, Dy = 0 





2R ud 2 3er 
Dy =0 Dy = 0) D,=0 == 2R 


2R = -1.25 V 


(c) Equivalent circuit for D3 = 0, D; = 0, Dj = 1, Dọ= 0 





= -IR; 





D,=0  D,=0  D4,-0 dle - -(9525 V.) 2n - -0.625 v 
(d) Equivalent circuit for D4 = 0, D, = 0, Dj 20, Do = 1 


4 FIGURE 11-30 
Analysis of the R/2R ladder DAC. 


Figure 11—30(c) shows the equivalent circuit when the D, input is at +5 V and the others 
are at ground. This condition represents 0010. Again thevenizing looking from Rg, you get 
1.25 V in series with R as shown. This results in a current through Ry of J = 1.25 V/2R, 
which gives an output voltage of — 1.25 V. 

In part (d) of Figure 11—30, the equivalent circuit representing the case where Dg is at 
+5 V and the other inputs are at ground is shown. This condition represents 0001. Theve- 


Chapter 11 Signal Conversion and Processing EUN 


nizing from Rg gives an equivalent of 0.625 V in series with R as shown. The resulting 
current through Ry is Z = 0.625 V/2R, which gives an output voltage of —0.625 V. 

Notice that each successively lower-weighted input produces an output voltage that is 
halved, so that the output voltage is proportional to the binary weight of the input bits. 


Performance Characteristics of Digital-to-Analog Converters 


The performance characteristics of a DAC include resolution, accuracy, linearity, monoto- 
nicity, and settling time, each of which is discussed in the following list: 


* Resolution. The resolution of a DAC is the reciprocal of the number of discrete steps 
in the output. This, of course, is dependent on the number of input bits. For example, 
a 4-bit DAC has a resolution of one part in 2^ — 1 (one part in fifteen). Expressed as 
a percentage, this is (1/15)100 = 6.67%. The total number of discrete steps equals 
2" — 1, where n is the number of bits. Resolution can also be expressed as the number 
of bits that are converted. 


* Accuracy. Accuracy is derived from a comparison of the actual output of a DAC with 
the expected output. It is expressed as a percentage of a full-scale, or maximum, out- 
put voltage. For example, if a converter has a full-scale output of 10 V and the accuracy 
is +0.1%, then the maximum error for any output voltage is (10 V)(0.001) = 10 mV. 
Ideally, the accuracy should be no worse than +1/2 of a least significant bit. For an 
8-bit converter, the least significant bit is 0.39% of full scale. The accuracy should be 
approximately +0.2%. 


* Linearity. A linear error is a deviation from the ideal straight-line output of a DAC. 
A special case is an offset error, which is the amount of output voltage when the 
input bits are all zeros. 

* Monotonicity. A DAC is monotonic if it does not take any reverse steps when it is 
sequenced over its entire range of input bits. 

* Settling time. Settling time is normally defined as the time it takes a DAC to settle 
within +1/2 LSB of its final value when a change occurs in the input code. 





Testing Digital-to-Analog Converters 


The concept of DAC testing is illustrated in Figure 11—31. In this basic method, a sequence 
of binary codes is applied to the inputs, and the resulting output is observed. The binary 
code sequence extends over the full range of values from 0 to 2" — 1 in ascending order, 
where n is the number of bits. 
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å FIGURE 11-31 
Basic test setup for a DAC. 


The ideal output is a straight-line stairstep as indicated. As the number of bits in the 
binary code is increased, the resolution is improved. That is, the number of discrete steps 
increases, and the output approaches a straight-line linear ramp. 


Digital-to-Analog Conversion Errors 


Several digital-to-analog conversion errors to be checked for are shown in Figure 11—32, 
which uses a 4-bit conversion for illustration purposes. A 4-bit conversion produces fifteen 
discrete steps. Each graph in the figure includes an ideal stairstep ramp for comparison 
with the faulty outputs. 
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Nonmonotonicity 


The step reversals in Figure 11—32(a) indicate nonmonotonic performance, which is a 
form of nonlinearity. In this particular case, the error occurs because the 2! bit in the 
binary code is interpreted as a constant 0. That is, a short is causing the bit input line to 
be stuck LOW. 


Differential Nonlinearity 


Figure 11—32(b) illustrates differential nonlinearity in which the step amplitude is less than it 
should be for certain input codes. This particular output could be caused by the 2? bit having 
an insufficient weight, perhaps because of a faulty input resistor. We could also see steps with 
amplitudes greater than normal if a particular binary weight were greater than it should be. 


Low or High Gain 


Output errors caused by low or high gain are illustrated in Figure 11—32(c). In the case of 
low gain, all of the step amplitudes are less than ideal. In the case of high gain, all of the 
step amplitudes are greater than ideal. This situation may be caused by a faulty feedback 
resistor in the op-amp circuit. 


Offset Error 


An offset error is illustrated in Figure 11—32(d). Notice that when the binary input is 0000, 
the output voltage is nonzero and that this amount of offset is the same for all steps in the 
conversion. A faulty op-amp may be the culprit in this situation. 
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The Reconstruction Filter 


The output of the DAC is a “stairstep” approximation of the original analog signal after 
it has been processed by the digital signal processor (DSP), which is a special type of 
microprosessor that processes data in real time. The purpose of the low-pass reconstruction 
filter (sometimes called a postfilter) is to smooth out the DAC output by eliminating the 
higher frequency content that results from the fast transitions of the “stairsteps,” as roughly 
illustrated in Figure 11—34. 


n 


Output of the DAC Final analog output 


Aå FIGURE 11-34 
The reconstruction filter smooths the output of the DAC. 





11-4 Digital Signal Processing 





A digital signal processing system first translates a continuously varying analog signal 
into a series of discrete levels. This series of levels follows the variations of the analog 
signal and resembles a staircase, as illustrated for the case of a sine wave in Figure 11-35. 
The process of changing the original analog signal to a “stairstep” approximation is accom- 
plished by a sample-and-hold circuit. 








Hold “FIGURE 11-35 
Sample we 2 Each held level is converted to An original analog signal 
Se ee (sine wave) and its “stairstep” 
approximation. 


Next, the “stairstep” approximation is quantized into binary codes that represent each 
discrete step on the “stairsteps” by a process called analog-to-digital (A/D) conversion. The 
circuit that performs A/D conversion is an analog-to-digital converter (ADC). 

Once the analog signal has been converted to a binary coded form, it is applied to a 
DSP (digital signal processor). The DSP can perform various operations on the incoming 
data, such as removing unwanted interference, increasing the amplitude of some signal 
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frequencies and reducing others, encoding the data for secure transmissions, and detecting 
and correcting errors in transmitted codes. DSPs make possible, among many other things, 
the cleanup of sound recordings, the removal of echos from communications lines, the 
enhancement of images from CT scans for better medical diagnosis, and the scrambling of 
cellular phone conversations for privacy. | 
After a DSP processes a signal, the signal can be converted back to an enhanced 
> version of the original analog signal. This is accomplished by a digital-to-analog 
converter (DAC). Figure 11—36 shows a basic block diagram of a typical digital signal 
processing system. 


10110 10110 





& FIGURE 11-36 
Basic block diagram of a typical digital signal processing system. 


DSPs are actually a specialized type of microprocessor but are different from general- 
purpose microprocessors in a couple of significant ways. Typically, microprocessors are 
designed for general-purpose functions and operate with large software packages. DSPs 
are used for special-purpose applications; they are very fast number crunchers that must 
work in real time by processing information as it happens using specialized algorithms 
(programs). The analog-to-digital converter (ADC) in a system must take samples of the 
incoming analog data often enough to catch all the relevant fluctuations in the signal ampli- 
tude, and the DSP must keep pace with the sampling rate of the ADC by doing its calcula- 
tions as fast as the sampled data are received. Once the digital data are processed by the 
DSP, they go to the digital-to-analog converter (DAC) and reconstruction filter for conver- 
sion back to analog form. 





1. An analog signal is converted to a digital signal by an ADC. 

2. A DAC is a digital approximation computer. 

3. The Nyquist frequency is twice the sampling frequency. 

4. A higher sampling rate is more accurate than a lower sampling rate for a given analog signal. 


5. Resolution is the number of bits used by an analog-to-digital converter. 

6. Successful approximation is an analog-to-digital conversion method. 

7. Delta modulation is based on the difference of two successive samples. 

8. Two types of DAC are the binary-weighted input and the R/2R ladder. 

9. The process of converting an analog value to a code is called quantization. 
10. A flash ADC differs from a simultaneous ADC. 
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] E a ES T ne j ; Answers are at the end of the chapter. 
1. An ADC is an 
(a) alphanumeric data code (b) analog-to-digital converter 
(c) analog device carrier (d) analog-to-digital comparator 
2. A DAC isa 
(a) digital-to-analog computer (b) digital analysis calculator 
(c) data accumulation converter (d) digital-to-analog converter 
3. Sampling of an analog signal produces 


(a) a series of impulses that are proportional to the amplitude of the signal 
(b) a series of impulses that are proportional to the frequency of the signal 
(c) digital codes that represent the analog signal amplitude 

(d) digital codes that represent the time of each sample 


. According to the sampling theorem, the sampling frequency should be 


(a) less than half the highest signal frequency 

(b) greater than twice the highest signal frequency 
(c) less than half the lowest signal frequency 

(d) greater than the lowest signal frequency 


5. A hold action occurs 

(a) before each sample (b) during each sample 

(c) after the analog-to-digital conversion (d) | immediately after a sample 
6. The quantization process 


10. 


11. 


12. 


13. 


14. 


(a) converts the sample-and-hold output to binary code 

(b) converts a sample impulse to a level 

(c) converts a sequence of binary codes to a reconstructed analog signal 
(d) filters out unwanted frequencies before sampling takes place 


. Generally, an analog signal can be reconstructed more accurately with 
(a) more quantization levels (b) fewer quantization levels 
(c) a higher sampling frequency (d) a lower sampling frequency 


(e) either answer (a) or (c) 


. A flash ADC uses 
(a) counters (b) op-amps 
(c) an integrator (d) flip-flops 


(e) answers (a) and (c) 

A dual-slope ADC uses 

(a) a counter (b) op-amps . 

(c) an integrator (d) a differentiator 
(e) answers (a) and (c) 


The output of a sigma-delta ADC is 

(a) parallel binary codes (b) multiple-bit data 
(c) single-bit data (d) a difference voltage 
In a binary-weighted DAC, the resistors on the inputs 


(a) determine the amplitude of the analog signal 
(b) determine the weights of the digital inputs 
(c) limit the power consumption 

(d) prevent loading on the source 


In an R/2R DAC, there are 

(a) four values of resistors 

(b) one resistor value 

(c) two resistor values 

(d) a number of resistor values equal to the number of inputs 


A digital signal processing system usually operates in 

(a) real time (b) imaginary time 
(c) compressed time (d) computer time 
The term Harvard architecture means 


(a) a CPU and a main memory 

(b) a CPU and two data memories 

(c) a CPU, a program memory, and a data memory 
(d) a CPU and two register files 
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15. The minimum number of general-purpose registers in the TMS320C6000 series DSPs is 


(a) 32 (b) 64 
(c) 16 (d) 8 

16. The two internal memories in the TMS320C6000 series each have a capacity of 
(a) 1 MB (b) 512 kB 
(c) 64 kB (d) 32 kB 

> 17. In the TMS320C6000 series pipeline operation, the number of instructions processed simulta- 

neously is 
(a) eight (b) four 
(c) two (d) one 

18. The stage of the pipeline operation in which instructions are retrieved from the memory is 
called 
(a) execute (b) accumulate 
(c) decode (d) fetch 


Answers to odd-numbered problems are at the end of the book. 





Section 11-1 Analog-to-Digital Conversion 


1. The waveform shown in Figure 11—37 is applied to a sampling circuit and is sampled every 
3 ms. Show the output of the sampling circuit. Assume a one-to-one voltage correspondence 
between the input and output. 























» FIGURE 11-37 A IPDCTERTLITIDITJTYELILTDT] 
i4 -L- Le rz DALES eee 
Re oe ae Oe eee L Ed cL Ll | TA 
12 +++ Um SENE CNN | 1 Lid. IE T I. = 4 | 
o We LL Ludo tt A S E 
Th LEE FEN: ——À4 cadi L-L-EZJIILIIILILIALLI 
6 + oe tof ttt A 
5 T as | 
4 = y S E oen $ ae a LE 
3 = 
2 ee 
1 aks 
0 12345 67 8 9 1011121314 15161718 192021 22232425 t (ms) 


2. The output of the sampling circuit in Problem 1 is applied to a hold circuit. Show the output of 
the hold circuit. 


. 3. If the output of the hold circuit in Problem 2 is quantized using two bits, what is the resulting 
sequence of binary codes? 


4. Repeat Problem 3 using 4-bit quantization. 
5. (a) Reconstruct the analog signal from the 2-bit quantization in Problem 3. 


(b) Reconstruct the analog signal from the 4-bit quantization in Problem 4. 

6. Graph the analog function represented by the following sequence of binary numbers: 
1111, 1110, 1101, 1100, 1010, 1001, 1000, 0111, 0110, 0101, 0100, 0101, 0110, 0111, 1000, 
1001, 1010, 1011, 1100, 1100, 1100, 1011, 1010, 1001. 
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7. The input voltage to a certain op-amp inverting amplifier is 10 mV, and the output is 2 V. 
What is the closed-loop voltage gain? 


8. To achieve a closed-loop voltage gain of 330 with an inverting amplifier, what value of 
feedback resistor do you use if R; = 1.0 kQ? 


9. What is the gain of an inverting amplifier that uses a 47 kQ feedback resistor if the input 
resistor is 2.2 kQ? 


10. How many comparators are required to form an 8-bit flash converter? 
11. Determine the binary output code of a 3-bit flash ADC for the analog input signal in Figure 11—38. 
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» FIGURE 11-38 


» FIGURE 11-39 


» FIGURE 11—40 


» FIGURE 11-41 
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12. Repeat Problem 11 for the analog waveform in Figure 11—39. 
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13. For a certain 2-bit successive-approximation ADC, the maximum ladder output is +8 V. If a 


constant +6 V is applied to the analog input, determine the sequence of binary states for the 
SAR. 


14. Repeat Problem 13 for a 4-bit successive-approximation ADC. 


15. An ADC produces the following sequence of binary numbers when an analog signal is applied 
to its input: 0000, 0001, 0010, 0011, 0100, 0101, 0110, 0111, 0110, 0101, 0100, 0011, 0010, 
0001, 0000. 


(a) Reconstruct the input digitally. 
(b) If the ADC failed so that the code 0111 were missing, what would the reconstructed output 
look like? 


Section 11-3 Methods of Digital-to-Analog Conversion 


16. In the 4-bit DAC in Figure 11—26, the lowest-weighted resistor has a value of 10 kQ. What 
should the values of the other input resistors be? 


17. Determine the output of the DAC in Figure 11—40(a) if the sequence of 4-bit numbers in part 
(b) is applied to the inputs. The data inputs have a low value of 0 V and a high value of +5 V. 


200 KQ 10 kQ Do 
Dg | | 


| | | | 
D) | | 
50KQ LO pP | 
| | 
na a a oe ee ——— 0. 
D; = 
(a) (b) 


18. Repeat Problem 17 for the inputs in Figure 11—41. 
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19. Determine the resolution expressed as a percentage, for each of the following DACs: 
(a) 3-bit (b) 10-bit (c) 18-bit 
20. Develop a circuit for generating an 8-bit binary test sequence for the test setup in Figure 11-31. 


21. A 4-bit DAC has failed in such a way that the MSB is stuck in the 0 state. Draw the analog 
output when a straight binary sequence is applied to the inputs. 


22. A straight binary sequence is applied to a 4-bit DAC, and the output in Figure 11—42 is 
observed. What is the problem? 





» FIGURE 11-42 Output 























0000 
0001 
0010 
0011 
0100 
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Binary input 


Section 11-4 Digital Signal Processing 
23. Explain the purpose of analog-to-digital conversion. 


24. Fill in the appropriate functional names for the digital signal processing system block diagram 
in Figure 11—43. 


å FIGURE 11-43 


25. Explain the purpose of digital-to-analog conversion. 





SECTION CHECKUPS 


Section 11-1 Analog-to-Digital Conversion 
1. Sampling is the process of converting an analog signal into a series of impulses, each 
representing the amplitude of the analog signal. 
2. A sampled value is held to allow time to convert the value to a binary code. 
3. The minimum sampling frequency is 40 kHz. 
4. Quantization is the process of converting a sampled level to a binary code. 
5. The number of bits determine quantization accuracy. 
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Section 11-2 Methods of Analog-to-Digital Conversion 
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Aà FIGURE 11-44 


1. The simultaneous (flash) method is fastest. 


2. The sigma-delta method produces a single-bit data stream. 


3. Yes, successive approximation has a fixed conversion time. 


4. Missing code, incorrect code, and offset are types of ADC output errors. 


Section 11-3 Methods of Digital-to-Analog Conversion 
1. In a binary-weighted DAC, each resistor has a different value. 


2. (1/2^ — 1))100% = 6.67% 


3. A step reversal indicates nonmonotonic behavior in a DAC. 


4. Step amplitudes in a DAC are less than ideal with low gain. 


Section 11-4 Digital Signal Processing 
1. DSP stands for digital signal processor. 
2. ADC stands for analog-to-digital converter. 
3. DAC stands for digital-to-analog converter. 


4. The ADC changes an analog signal to binary coded form. 


5. The DAC changes a binary coded signal to analog form. 


RELATED PROBLEMS FOR EXAMPLES 
11-1 100, 111, 100, 000, 011, 110. Yes, information is lost. 
11-2 See Figure 11—44. 

11-3 See Figure 11-45. 

11-4 (1/(2'® — 1))100% = 0.00153% 
11-5 See Figure 11—46. 
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SELF-TEST 
1. (b) 2.(d) 3.(a) 4. (b) 


6. (a) 


7. (e) . 8. (D) 9. (e). 10. (c) 11. (b) 12. (c) 
13. (a) 14. (c) 15. (a) 16. (c) 17. (a) 18. (d) 
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12-1 Data Transmission Media | 


InfoNote 


Early fundamental work in data - 
transmission and information 
theory was done by Harry Nyquist, 
Ralph Hartley, Claude Shannon, 
and others. 


» FIGURE 12-2 








Conductive traces on PCBs 
and wire interconnections 
between boards. 


The basic block diagram in Figure 12-1 illustrates the essential elements in a data trans- 
mission system. 


Basic data transmission Neues | Tiansmison medium | Page 
system. eee 





Wire Connections 


The simplest connection between sending and receiving devices is a wire or a conductive 
trace on a printed circuit board (PCB). This type of connection is typically limited to inter- 
nal data transmission over very short distances within the same system or between nearby 
systems, such as a computer and/or peripherals. Data buses or conductive traces connect 
one element to another on a PCB and between PCBs in close proximity or between parts of 
a system, as illustrated in Figure 12-2. 


Conductive trace a : 
Wire interconnections 
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Coaxial Cable 


Coaxial cable (coax) consists of a center conductor within an insulating dielectric mate- 
rial. A copper braided or foil shield surrounds the dielectric to protect the conductor against 
electromagnetic interference (EMI). The shield is encased in a protective insulating jacket, 
as shown in Figure 12-3. BNC (Bayonet Neill-Concelman) connectors are typically used 
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for coaxial connections. Coax is used in data transmission applications with data rates up 
to about 1 GHz. Two common applications for coax are cable TV and Internet connections. 


Dielectric Center 4 FIGURE 12-3 
CHER Res Un LU FP PT SENIORS 
PORCH Construction view of a coaxial 
cable. 





Outer jacket Metallic shield 


Twisted Pair Cable 


Unshielded twisted pair (UTP) cable is used extensively for indoor telephone application 
as well as some outdoor uses. It is found in many computer networks and video applica- 
tions, such as security cameras, and also in the USB (universal serial bus) cable. UTP is 
color-coded according to a standard 25-pair color code. Most cables use a subset of these 
standard colors. 

Cross talk, a type of distortion, is minimized when twisted pairs are bundled together. 
The two wires in each pair are twisted so that they cross each other at nearly 90°, ideally 
cancelling any electromagnetic fields generated by the signals in the wires. UTP cables are 
limited to use in low-noise environments and to lower signal frequencies than coax, such as 
audio and other signals up to about 1 MHz. UTP cables use standard RJ-45 connectors. A 
common four-pair UTP cable is shown in Figure 12—4(a), and an RJ-45 connector is shown 
in part (b). Shielded twisted pair (STP) cable encased in a metal sleeve or conduit is also 
available and provides more protection from EMI. 


«FIGURE 12-4 

Example of an unshielded 
twisted pair (UTP) cable and 
connector. 





(a) (b) 


Optical Fiber Cable 


The structure of a single optical fiber is shown in Figure 12—5(a). An optical fiber can be 
as small as a human hair, so many single fibers can be bundled into a cable, as shown in 
Figure 12—5(b). 
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Core 






«FIGURE 12-5 
Optical fiber cables. 
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(a) Single optical fiber (b) Fiber optic cable 


Instead of using electrical pulses to transmit information through copper lines, fiber 
optics uses light pulses transmitted through optical fibers. Fiber-optic systems have several 
advantages over electrical transmission media. Advantages include faster data rates, higher 
signal capacity (more signals at a time), and better transmission over longer distances; 
optical fibers are not susceptible to EMI. The main disadvantage of fiber optics is the cost, 
which is higher than that of coax, UTP, and STP. 

Optical fiber is commonly used as a medium for telecommunication and networking. 
Because light propagates through the fiber with little attenuation compared to electrical 
cables, optical fiber is useful for long-distance transmission. Data rates from 10 GHz to 
40 GHz are common, although rates over 100 GHz are used. 
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When light is introduced at one end of an optical fiber called the core, it “bounces” 
along until it emerges from the other end, as shown in Figure 12-6. The fiber is typically 
made of pure glass, plastic, or other material that is surrounded by a highly reflective 
cladding that effectively acts as a mirrored surface, using a phenomenon called total inter- 
nal reflection to produce an almost lossless reflection. This allows the light to move around 
bends in the fiber. 


^» FIGURE 12-6 
Light propagating through an 
optical fiber while reflecting off 
the internal surface. 





Modes of Light Propagation 


Two basic modes of light propagation in optical fibers are multimode and single-mode, as 
illustrated in Figure 12-7. In multimode, the light entering the fiber will tend to propagate 
through the core in multiple rays (modes), basically due to varying angles as each light ray 
moves along. Some of the rays will go straight down the core, while others will bounce 
back and forth. Still others will scatter due to the sharp angle at which they strike the 
cladding, resulting in attenuation in light energy. Multimode also exhibits time dispersion, 
which means that all the light rays do not arrive at the end of the fiber at exactly the same 
time. In single-mode, the core is much smaller in diameter than in multimode. Light enter- 
ing the fiber tends to propagate in a straight line as a single ray. 





(a) Multimode (b) Single mode 


à FIGURE 12-7 
Modes of light propagation in an optical fiber. 


The diameter of the optical fiber determines the mode. There are three sizes most widely 
used in data transmission: 50/125, 62.5/125 and 8.3/125. The numbers are in microns (one 
micron is one millionth of a meter) and represent the diameters of the fiber core and clad- 
ding, respectively. The 50/125 and the 62.5/125 are multimode fibers. The 8.3/125 is a 
single-mode fiber. Single mode results in increased bandwidth and distance for transmis- 
sion, but the costs are higher than for multimode. 


A Fiber-Optic Data Communications Link 


A simplified block diagram of a fiber-optic communications link is shown in Figure 12-8. 
The source provides the electrical signal that is to be transmitted. The electrical signal is 
converted to a light signal and coupled to the fiber-optic cable. At the receiving end, the light 
signal is coupled out of the cable into the receiver, which converts it back to an electrical 
signal. The signal is then processed and sent to the end user. The electrical signal modulates 
the light intensity and produces a light signal that carries the same information as the electri- 
cal signal. Special connectors are used to connect the fiber-optic cable to various equipment. 

Various types of connectors are used in fiber-optic systems. Some of these are described 
as follows and are shown in Figure 12-9: 


* ST An AT&T trademark and is one of the most widely used for multimode networks 
* SC A snap-in type multimode connector 
* FC A popular single-mode connector type 
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* LC A single-mode connector 
* LX-5 Similar to an LC connector except it has a shutter over the end of the fiber 
* MT A 12-fiber connector used for ribbon cables 


* FDDI All duplex, meaning the connector can accommodate two optical fibers for 
two-way communication 





Optical connectors «FIGURE 12-8 
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Typical types of optical fiber 
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Wireless Transmission 


The transmission of data through air and space via electromagnetic waves without the 
use of physical connections between sending and receiving systems is known as wireless 
transmission. Wireless transmission generally can be categorized by the type of signal in 
terms of application, frequency, or how the data are configured. Another medium of wire- 
less communications is water where sonar is used. Sonar produces low -frequency sound 
waves that do not fall into the electromagnetic spectrum. 


The Electromagnetic Spectrum 


The spectrum of frequencies for the range of electromagnetic waves is shown in Figure 12-10. 
Most data communications occur within the radio wave, microwave, and infrared frequencies. 
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Three ways in which radio wave (rf) and microwave signals propagate through Earth's 
atmosphere (air) are ground wave, ionospheric, and line-of-sight. In ground wave propaga- 
tion, the radio waves follow the curvature of Earth and can be up to about 2 MHz in fre- 
quency; the standard AM broadcast band is an example. Radio frequencies in the 30 MHz 
to 85 MHz range bounce off of the ionosphere. These signals can change with time of day 
and weather conditions. Most ham radio bands are examples of where signals bounce off 
the ionosphere. In line-of-sight (LOS) propagation, the receiver must be in view of the 
transmitter. The distance is limited to about 100 km (horizon to horizon) from a ground- 
based transmitter to a ground-based receiver. Long distances are achieved by placing a 
series of repeater towers so that each tower is within the line-of-sight of the previous tower. 
In the case of satellites, which use line-of-sight propagation, the distances can be extended 
around the world. Figure 12-11 illustrates these types of rf and microwave propagation. 
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(a) Ground wave (b) Ionospheric (c) Line-of-sight (LOS) 


4 FIGURE 12-11 
Ways in which rf and microwave signals can propagate. 


Communication in the infrared region of the electromagnetic spectrum can be line-of-sight 
or diffused. With LOS, the transmitter and receiver must be visible to each other with no obsta- 
cles in between. With diffusion, the IR waves reflect off of nearby surfaces such as buildings, 
ceilings, and walls. Uses include remote control devices, weather satellites, and night vision. 
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Serial and Parallel Data 


Serial data transmission is when data are transmitted one bit at a time in a bit stream, as illus- 
trated in Figure 12—12(a). Parallel data transmission is when data are transmitted several bits 
at a time, as shown in part (b). In general, a given number of bits can be transmitted faster in 
parallel than in series, resulting in higher data rates. However, when several bits are sent simul- 
taneously on separate lines in parallel, slight differences in the properties of the lines can cause 
skewing in the data, making the data more susceptible to error, so the data rate may need to be 
reduced to prevent errors. Error detection and correction methods can be used in these cases. 

Generally, data are processed in parallel by computers but are transmitted serially to 
outside systems. For example, data from a computer to a printer are typically sent over 
a USB, which is serial. Data that are sent over long distances via one of the transmission 
media are typically in a serial format. In some cases, data can be sent in parallel over a 
single channel by using different frequencies for each bit, so the bits can be transmitted at 
the same time. 
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(a) Serial data ns 


0 9 


(b) Parallel data 


Serial-to-parallel and parallel-to-serial conversions are used in most data transmission 
systems. The basic concept is shown in Figure 12-13. A simple parallel-to-serial converter 
is a parallel in/serial out shift register. The parallel bits are loaded into the register and then 
shifted out in serial format at a specific clock frequency that determines the data rate in bits 
per second (bps). Likewise, a serial in/parallel out shift register can be used as a serial-to- 
parallel converter. The receiving device must be able to recognize each valid group of data 
bits that it is receiving serially. Two types of data transmission in terms of how a receiving 
device knows what a sending device is transmitting are asynchronous and synchronous. 


hr Parallel-to-serial At Serial-to-parallel : 
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Asynchronous Data 


Data are sent in short "bursts" known as packets in asynchronous transmission. A data 
packet is one complete piece of information of a longer message. Typically, many packets 
make up the entire message. A data packet consists of data bits representing alphabetic or 
numeric characters, a parity bit, and start/stop bits. There is a pause between data packets 
so that the receiver recognizes the start bit that precedes each packet. At the end of the data 
packet, there are one or more stop bits that tell the receiver the packet is complete. | 
In asynchronous systems, the sending and receiving devices operate with separate 
oscillators having the same clock frequency. Because the separate clock frequencies may 
drift over time, they are typically re-synchronized on each data packet with the start bit. 
Most commonly, data are sent in small packets of perhaps 10 or 11 bits. Eight of these bits 
carry the information. Between packets, when the channel is idle, there is a continuous 
logic level. A data packet always begins with a start bit with the opposite logic level as the 
idle period to alert the receiver that a data packet is starting. A parity bit follows the eight 
data bits, and a stop bit signals the end of the packet. This is illustrated in Figure 12-14. 


«FIGURE 12-12 


“FIGURE 12-13 
Digital data conversions. 





å FIGURE 12-14 
Example of a serial transmission of a data packet for a given data code. 


Synchronous Data 


In synchronous data transmission, both the sender and the receiver derive timing from the 
same clock signal, which originates at the sender end of the system. The bits are transmit- 
ted in a continuous stream with no pauses, so the receiver must have some way to recognize 
where a data block starts and ends. In order for the receiver to know when to read infor- 
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mation bits from the channel, it must determine exactly when the data begin and the time 
between bits. When this timing information is determined, the receiver is synchronized 
with the transmitter. Unlike asynchronous transmission, the data blocks usually contain 
more than one character of information. Synchronous transmission is generally faster than 
asynchronous transmission. 

One method of synchronization is by using separate channels to transmit the data and 
the timing information (synchronization and clock pulses). Because the transmitter origi- 
nates both the data and the timing pulses, the receiver will read the data channel only when 
told to do so by the transmitter (via the timing channel), and synchronization is achieved. 
The disadvantage of this method is that it requires two physical lines. 

Two data formats that require separate data and timing are RZ (return to zero) and NRZ 
(nonreturn to zero). In the RZ format, a single pulse during a bit time represents a 1 and the 
absence of a pulse is a zero, as shown in Figure 12-15(a). In the NRZ format, a high level 
during a bit time represents a 1 and a low level represents a 0. A series of 1s is represented by 
a continuous high level, and a series of Os is represented by a continuous low level. The wave- 
form does not return to the low level until a zero occurs after a string of 1s and does not go 
back to the high level until a 1 occurs after a string of Os. This is illustrated in Figure 12-15(b). 

Another more commonly used method of data synchronization, called biphase or Man- 
chester encoding, is to embed the timing signal in the data at the transmitter so that only 
one channel is required. The receiver extracts the embedded timing signal and uses it to 


synchronize to the transmitter. 
» FIGURE 12-15 i 
RO Ver CE OO. Moi Data Data} , | 
Data formats that require I] | 
en E21111170107111101 1 ! 111111017011111011! 
separate timing for ! ! 
synchronization. — paa 
(a) RZ format (b) NRZ format 


Figure 12-16 illustrates Manchester encoding. A rising edge in the biphase code is a 
1 and a falling edge is a 0, as indicated by the up and down arrowheads. The edges occur 
at the middle of the bit time. The biphase code is sent to the receiver, and the clock is 
extracted from the data with a phase-locked loop. Sometimes a series of all 1s or all Os are 
included in the transmission to allow the receiver to synchronize. 


| 

PFIGURE12-16 — A. io |! 0 | TENE | 0 | l | 0 | 
Example of Manchester Data | ' | | | 
I | | | 


encoded data and timing. t 
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| Solution 


The encoded data and waeddi timing are shown in Figure 12-17%). As the atas indicate, t the gn. gms are ls 
| and the falling edges are Os that occur in the middle of wins "mn nw neem sp of pn uin | 





Related Problem* 
| If - data were ius Is, "ns T m» Manchester enu n — 


Answers are ar the end ofthe chapter. 





Synchronous Frames 


Synchronous data are sent in frames that include other bits, as shown by the generic pro- 
tocol in Figure 12-18. (Frame formats vary because there are numerous standards in use.) 


* Preamble A group of bits at the beginning of a frame that is used to alert the receiver that 
a new frame has arrived and to synchronize the receiver' s clock with the transmitted clock 


* Address fields A group of bits containing the address(s) of the sender and the 
receiver. One or both addresses may be present in a given protocol. 


* Control field This group of bits identifies the type of data being sent, such as hand- 
shaking (establishes a connection), file transfers, and the size of the data. 


* Data field This sequence is the actual information being sent and can be of a fixed 
length or a variable length. If it is a fixed-length field, a group of bits called a pad is 
used to fill in if the actual data field is less than the fixed field. 


* Frame check This field contains an error check such as parity, CRC (cyclic redun- 
dancy check), or checksum, which is a value computed by a simple algorithm of the 
data bits in the frame. 


* End frame A group of bits that tells the receiver when the end of the frame occurs. 


“FIGURE 12-18 
Basic synchronous frame 
structure. 





Data Rate 


Data rate is the speed of data transfer. In a serial data transmission the rate can be stated as 
bit rate or baud; bit rate is the preferred measure. The bit rate is the number of bits (1s and 
Os) per second (bps); the baud is the symbol rate or the number of data symbols (some- 
times known as transitions or events) per second. 

A symbol (transition) can consist of one or more bits. Therefore, bit rate is always 
greater than or equal to the baud. The relationship between bit rate and baud is 


Bitrate — (Number of bits per symbol) (Baud) 
Or 


Bit rate 


Baud ^ ——— ——— 
Je Number of bits per symbol 


Data can be in the form of a string of ASCII characters or other information. In the case of 
ASCII characters, each character is called a symbol and is represented by eight bits. To illustrate, 
assume that one symbol is transmitted every millisecond (ms). The data rate expressed as baud is 


Baud = (1 symbol/ms)(1000 ms/s) = 1000 baud = 1 kbaud 
The data rate in terms of bit rate is 


Bit rate = (8 bits/symbol)(1000 symbols/s) = 8000 bps = 8 kbps 
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» FIGURE 12-19 


Data transmission modes. 





Transmission Efficiency 


The efficiency of a data transmission channel is the ratio of data bits to total bits in a packet. 
For example, in Figure 12-14 there are eight data bits, a start bit, a parity bit, and a stop bit. 
The nondata bits are considered overhead bits. There are eleven total bits transmitted in a 
packet so the efficiency of the transmission is 


Data bits ^ 8 bits 


same uaque 0.727 or 72.7% 


Efficiency = 





Transmission Modes 


Three modes that characterize data channel (media) connections are simplex, half-duplex, 
and full-duplex. In the simplex mode, data flow in only one direction from the sender (trans- 
mitter) to the receiver. In a computer, for example, data flow one way from the computer to 
the printer. In the half-duplex mode, the data flow both ways but not at the same time in the 
same channel. For example, a sender transmits information to the receiver and the receiver 
responds back to the sender after it has received the information. In the full-duplex mode, 
the data flow both ways simultaneously in the same channel. The bandwidth of the channel 
is divided between the two directions. Figure 12-19 illustrates these three modes. 








MITES 


(a) Simplex (b) Half-duplex 
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12-3 Modulation of Analog Signals with Digital Data 





Amplitude-Shift Keying 


Amplitude-shift keying (ASK) is a form of modulation in which a digital signal varies the 
amplitude of a higher frequency sine wave (carrier). In its simplest form, a sinusoidal car- 
rier signal is turned on and off by the data signal and, therefore, this method is also known 
as on-off keying (OOK). When the carrier is on, a binary 1 is represented, and when the 
carrier is off, a binary 0 is represented. ASK is very susceptible to noise interference and 
is not typically used for wireless data transmission. ASK is most commonly used in fiber 
optics where the presence of light represents a binary 1 and the absence of light represents 
a binary 0. Figure 12-20 illustrates the concept of ASK. The presence of the sine wave car- 
rier is a 1 and the absence is a 0. When modulated by digital data (1s and Os), this method 
is sometimes known as binary amplitude-shift keying (BASK). 


Original data | | 


E 


å FIGURE 12-20 
Illustration of amplitude-shift keying (ASK). 


Frequency-Shift Keying 


Frequency-shift keying (FSK) is a form of modulation in which a digital signal modulates 
the frequency of a higher frequency sine wave (carrier). A carrier signal with a lower fre- 
quency generally represents a binary 0, and a carrier signal with a higher frequency rep- 
resents a binary 1. When modulated by digital data (1s and Os), this method is sometimes 
known as binary frequency-shift keying (BFSK). Figure 12-21 illustrates FSK. 


Original data 
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A FIGURE 12-21 
Illustration of frequency-shift keying (FSK). 
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Phase-Shift Keying 


Phase-shift keying (PSK) is a form of modulation in which a digital signal modulates 
the phase of a higher frequency sine wave. A carrier signal of one phase generally repre- 
sents a binary 1, and a carrier signal that is 180? out-of-phase represents a binary 0. When 
modulated by digital data (1s and Os), this method is sometimes known as binary phase-shift 
keying (BPSK). In one of its many variations, PSK applications include wireless LAN and 
bluetooth. Figure 12-22 illustrates PSK. 


PSK 
modulated 
data 


å FIGURE 12-22 
Illustration of phase-shift keying (PSK). 





Quadrature Amplitude Modulation 


Quadrature amplitude modulation (QAM) is widely used in telecommunications and in digital 
cable TV. Digital QAM uses a combination of PSK and ASK to send information. Quadrature 
refers to a 90? phase difference. Each combination of phase and amplitude is called a modula- 
tion state or symbol and represents a combination of two or more bits. To illustrate the basic 
concept of QAM, let's use what is known as 8-QAM where each of the eight modulation 
states (2?) represents a unique three-bit combination. As shown in Figure 12-23, in 8-QAM, 
there are two different amplitudes with a quadrature phase difference between each pair. Since 
there are four quadratures (90°) in 360°, there are a total of eight different amplitude/phase 
combinations or modulation states. 


Amplitude Phase 
dd 


» FIGURE 12-23 

Eight amplitude/phase 
combinations (modulation 
states) represent one of the 
eight 3-bit groups. Only one 
cycle of each modulation state 
is shown. 





A digital 8-QAM data transmission can represent any combination of three bits in any 
sequence. Figure 12—24 illustrates an 8- QAM transmission of the binary sequence of num- 
bers 0 through 7. Depending on the carrier frequency and the time specified for each bit 
group, multiple cycles of each modulation state can represent each bit group. For simplic- 
ity, only two cycles per bit group are shown. 


| 422 | Digital Fundamentals, Eleventh Edition 


000001010011100101110111 





M-QAM 


There are numerous variations in QAM in terms of the number of modulation states 
(M) that can be represented. For the 8-QAM just illustrated, M — 8. Higher M values 
of QAM, such as 16-QAM, 64-QAM, and 256-QAM, are also commonly used. These 
higher M values are achieved by using more amplitude levels and/or phases. For example, 
a 64-QAM can have 16 amplitude levels and four phases and can represent 6-bit binary 
groups. A 256-QAM can have 32 amplitude levels and eight phases and can represent 
8-bit binary groups. 


Constellation Maps 


Modulated transmission of digital data can be represented by a constellation map, which is 
a vector representation that graphically shows the symbol values and corresponding phases 
being transmitted by a system. As you have seen, when data are transmitted, a pattern is 
modulated into the signal, such as in PSK, where the bit pattern is represented by various 
phase shifts. A constellation map is useful in the design and analysis of a data transmission 
system and in visually understanding how the system works. 

Figure 12-25 shows a 4-quadrant constellation map for a 3-bit PSK transmission. Each 
green dot represents the ideal amplitude and phase of the modulated signal. The amplitude 
constant is represented by the distance of the dots from the origin. Eight different phases or 
symbols represent the 3-bit binary combinations. 
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In an actual transmission, the medium can affect both amplitude and phase shift. In 
the figure, the cluster of red dots around each green dot represents nonideal signal values. 
When the signal is received, these nonideal values can be adjusted to the ideal value (near- 
est green dot) as long as there is adequate separation of the clusters; there should be no con- 
fusion as to which ideal value the signal belongs. If there is any overlap, errors can occur. 


“FIGURE 12-24 
Illustration of an 8-QAM 
transmission of the binary 
sequence shown. 


* FIGURE 12-25 
Constellation map for a 3-bit 
PSK transmission. The phases 
are 0°, 45°, 90°, 135°, 180°, 
—45*, -90°, and -135°, as 
indicated. 
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12-4 Modulation of Digital Signals with Analog Data 


Pulse Amplitude Modulation 


In pulse amplitude modulation (PAM), the heights or amplitudes of the pulses are varied 
according to the modulating analog signal; each pulse represents a value of the analog 
signal. PAM is the simplest, but least used, type of pulse modulation although it is used in 
the Ethernet communications standard. A simple PAM sequence is shown in Figure 12-27. 


» FIGURE 12-27 — 


A simple PAM signal. 


t 


A basic method of producing a PAM representation of an analog signal is to use a 
constant-amplitude pulse source to sample the analog wave that has a frequency lower than 
the pulses, as shown in Figure 12-28 for a sine wave input; any form of analog signal can be 
converted to a PAM output. The pulses turn the switch on (closed) and off (open) to sample the 
waveform. When there is a pulse, the sample switch is closed; the amplitude of the sine wave 
at that point goes to the hold element that maintains the initial analog value occurring at the 
beginning of each pulse for the duration of the pulse. The output goes to zero between pulses. 





Pulse Width Modulation 


In pulse width modulation (PWM), the width or duration of the pulses and duty cycle are 
varied according to the modulating analog signal; each pulse represents a value of the ana- 
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log signal. PWM (also known as pulse duration modulation, PDM), is commonly used in 
control applications. Braking systems, motor speed control, and renewable energy systems 
are just three examples. 


Sample points 





PAM output 





4 FIGURE 12-28 

Figure 12-29 illustrates one method of PWM generation, called the intersective method, Basic method of pulse 
which uses a sawtooth waveform. A triangular waveform can also be used. Again, a sine 
wave input is used, but the input can be any type of analog waveform. The sawtooth inter- 
sects the sinusoidal modulating signal twice during each cycle. The sawtooth is either 
increasing above the sine wave or decreasing below the sine wave. When the sawtooth is 
increasing above the sine wave, a low level is generated; when it is decreasing below the 
sine wave, a high level is generated. The resulting output is a series of pulses with widths 
proportional to the amplitude of the sine wave. 


amplitude modulation. 


MAR S: | b Red 4FIGURE 12-29 
| | Illustration of PWM 
Modulating 
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An intersective PWM system can be implemented simply with a sawtooth or triangular 
wave generator and a comparator, as shown in Figure 12-30. 


“FIGURE 12-30 


A basic method of pulse width 
| | | | ll | | | | modulation. 





Comparator 








Chapter 12 Data Transmission | 425 | 





Pulse Position Modulation 


In pulse position modulation (PPM), also known as pulse phase modulation, the position 
of each pulse relative to a reference or timing signal is varied proportional to the modu- 
lating signal waveform. The amplitude and width of the pulses in a PPM system are kept 
constant. An example of a PPM signal is shown in Figure 12-33 where the PPM pulses are 
shifted relative to the leading edges of the timing waveform. 


» FIGURE 12-33 iam 
cleat ge n Unna c — ga Timing 
Example of a PPM signal with 


$5 I | | | | | | | l 
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As with other types of pulse modulation, there is generally more than one way to pro- 
duce a modulated waveform. One method is to derive the PPM from PWM, as illustrated 
in Figure 12-34. Notice that the leading (positive-going) edges of the PWM signal occur at 
fixed intervals, while the trailing (negative-going) edges vary relative to the leading edges. 
When the PWM signal is passed through a differentiator, short positive pulses (spikes) are 
generated on the leading edges and short negative pulses occur on the trailing edges. The 
differentiated signal is rectified to remove the positive pulses and generate the PPM wave- 
form shown, which can be inverted to produce positive pulses. A simplified block diagram 
of a PPM system is shown in Figure 12-35. 
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“FIGURE 12-34 


POM A method of generating PPM. 


Differentiated 
PWM 


i PPM out 


PWM in ` 





& FIGURE 12-35 
PPM system block diagram. 


PPM is widely used in optical communications, such as fiber optics and in certain types 
of rf systems, such as radio control for model planes, boats, and cars. It is less sensitive to 
channel interference than PAM or PWM because noise can alter pulse amplitude and width 
but not so much the position. 


PPM Encoding 


A certain number of data bits (D) are encoded by a single pulse in one of 2P possible posi- 
tions during a specified fixed time period (7). The data rate is D/T bits per second (bps). 
Figure 12-36 illustrates the case of four time periods and two data bits per time period. There 
un 2) —25 24 possible positions in each time period. As you can see, each position rep- 
resents a 2-bit binary number. In the first time period, the pulse position represents 00, in the 
second time period the pulse position represents 10, et cetera. Any pulse could be in any of 
the four positions within each period, depending on the data being encoded. The code for this 
particular set of pulse positions is 00100111; it is shown in NRZ format in the figure. 


PPM I | I | I | 


NRZ 


^ FIGURE 12-36 
Encoding of a PPM signal. 
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Pulse Code Modulation 


Pulse code modulation (PCM) involves sampling of an analog signal amplitude at regular 
intervals and converting the sampled values to a digital code. (Sampling was mentioned in 
Chapter 1, and the sample-and-hold process was covered in Chapter 11.) The concept of 
PCM is demonstrated in Figure 12-37. 


» FIGURE 12-37 Modulating 
Concept of PCM with eight 
levels. 111 
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The modulating signal is a sine wave in this illustration, and its amplitude is divided into 
eight levels as shown. Each level is represented by a 3-bit binary number (2? — 8). The 
sine wave is sampled at fixed intervals; and the sampled value is held until the next sample, 
resulting in the green stair-step waveform that approximates the sine wave. The value at 
each sample is converted to a 3-bit binary number, and a pulse sequence is generated where 
each pulse represents a | and the absence of a pulse represents a 0. In this case, the PCM 
waveform is shown in NRZ format. The higher the sampling rate and the more levels used, 
the more accurate is the PCM representation. 

PCM is used for digital audio in computers, Blu-ray, CD, and DVD formats. Also, it is 
used in digital telephone systems. A simplified block diagram of the PCM process is shown 
in Figure 12-38. 





4 FIGURE 12-38 
Block diagram of a PCM system. 
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Digital Data Systems 


All digital data systems have certain common components and variations that depend on 
the type of data format. The three main data transmission combinations are digital-to- 
analog, analog-to-digital, and digital-to-digital. Figure 12-39 shows a general functional 
block diagram of a data transmission system. Each block is not used in all cases, depending 
on the type of data format and the type of communications channel. 






Digital to end user 


From 
communications 
channel 


Analog to end user 


4 FIGURE 12-39 
General function block diagram of a data transmission system. 





12-5 Multiplexing and Demultiplexing 


Time-Division Multiplexing 


Time-division multiplexing (TDM) is a technique in which data from several sources are 
interleaved on a time basis and sent on a single communication channel or data link. Let’s 
say that there are three sources of digital data to be transmitted. Certain time slots are allot- 
ted for each channel so that an element of data (bits or bytes) from source 1 is sent during 
time slot 1, an element of data from source 2 is sent during time slot 2, and an element of 
data from source 3 is sent during time slot 3. This is repeated for time slots that follow until 
all the data have been sent. Figure 12-40 illustrates the TDM concept. 
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» FIGURE 12-40 
Basic concept of TDM. 
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A simplified illustration of TDM is shown in Figure 12—41. Multiple data sources are 
switched (multiplexed) in a time sequence (t; through 74) onto a single line (communica- 
tions channel), and the single stream of data is switched back onto multiple lines in a syn- 
chronized time sequence. That is, data from source 1 go to the data 1 output during time 
slot t;, data from source 2 go to the data 2 output during time slot f», and so on. 


» FIGURE 12-41 
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Bit-Interleaved TDM 


In this method, a single data bit from a source is transmitted on the channel, followed by 
a data bit from another source, and so on. A time slot is reserved on the channel for each 
input source. These time slots are synchronized with the sender and receiver so that the 
receiver knows to which output the data bit in each time slot should go. 

Bit-interleaving is demonstrated in Figure 12—42. In this case, the TDM channel data are 
transmitted at a rate four times greater than the data rate of the individual sources. Samples 
are sequentially taken of each data source (four in this case) during a bit time slot to deter- 
mine if the bit is a 1 or a 0. The resulting values are sequentially placed onto the channel 
in 1, 2, 3, 4 order, as shown. This process is repeated for each of the bit times that follow. 








» FIGURE 12-42 —P— 
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Byte-Interleaved TDM 


In this method, bytes for each input source are sequentially placed onto the data channel. 
As in bit-interleaving, synchronization between the mux and demux at each end of the 
communications channel is required. The basic concept is shown in Figure 12—43. 





“FIGURE 12-43 
Basic idea of byte-interleaved 
TDM. 
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The byte-interleaved data are from two sources (in this case) and are sent at twice the 
rate as either source, as illustrated in Figure 12—44. As you can see in the figure, it is neces- 
sary to delay the data before multiplexing until an entire byte is complete, using a process 
called buffering. Notice that a byte of Data A and a byte of Data B occur during the Byte n 
interval. These two bytes are interleaved during the Byte n + 1 interval, so the multiplexed 
data are one byte delayed from the input data (A and B). This continues for each successive 
data byte. 
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4 FIGURE 12-44 
Byte-interleaved TDM with two data sources. 


Synchronous TDM 


When the time slots allotted to each source are fixed, each time slot is transmitted 
whether or not the source has data to send. This results in an inefficient use of the com- 
munications channel because sometimes some of the time slots are empty, as illustrated 
in Figure 12-45. Here, data source C is not transmitting data, so its assigned time slots 
are blank. 


Empty time slots due to 
data C not transmitting 





Data A 
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& FIGURE 12-45 
Example of a 3-source synchronous TDM with one data source inactive. 
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Statistical TDM 


The statistical TDM approach improves channel efficiency by making use of all the time 
slots. Only data from active sources are transmitted, so there are no blank time slots for inac- 
tive sources. The time slot assignment is variable rather than fixed, as in synchronous TDM. 
This method is shown in Figure 12—46 for the case where data source C is not transmitting. 
If data source C becomes active, the time slots are reassigned to accommodate the data. 
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A FIGURE 12-46 
Example of a 3-source statistical TDM with one source inactive. 


i 
TDM is used by the telephone company in North America for nearly all voice traffic 
with what is known as the T1 system. A T1 line can carry 24 digitized telephone conversa- 
tions and is capable of transmitting data at a rate of 1.544 Mbps. A voice signal is sampled 
8,000 times per second, and each sample is converted to a byte of digital data. A voice 
signal requires a transmission rate of 


Voice transmission rate = (8000 samples/s)(8 bits/sample) = 64 kbps 
The number of digitized voice signals that can be multiplexed on a T1 line is 


1.544 Mbps 


O1C€ signals 64 kbps 


A T1 transmission over the channel consists of sequential 193-bit frames, as shown in 
Figure 12—47. Each frame is made up of twenty-four 8-bit slots plus one signaling bit. 


---- 193-bit frame 









Signaling bit 


å FIGURE 12-47 
T1 channel transmission. 


Frequency-Division Multiplexing 


Frequency-division multiplexing (FDM) is a broadband technique in which the total band- 
width available to a system is divided into frequency sub-bands and information is sent in 
analog form. Each sub-band is assigned to a given source. The sources can transmit at the 
same time but at different frequencies. At the receiving end, the signals are demuxed using 
band-pass (BP) filtering. Figure 12—48 illustrates the concept of FDM. 


As mentioned, all sources transmit at the same time but at different frequencies. The 
general spectrum of a composite FDM transmission is shown in Figure 12—49. The band- 
width (BW) of each source is centered around the carrier frequency for that source and is 
separated from the adjacent bandwidths by the guard band. 
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å FIGURE 12-48 
Basic FDM system. X stands for summation. 
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å FIGURE 12-49 
Frequency spectrum of an FDM transmission. 
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12-6 Bus Basics 





The Bus 


A bus allows two or more devices to communicate with each other, generally for the pur- 
pose of transmitting data. A bus is a set of physical wires and connectors and a set of elec- 
trical specifications. A bus can be either internal or external to a system. 

The physical properties of a typical bus include the number of wires or PCB conduc- 
tors (width), the configuration and length of the wires or conductors, and the types and 
configurations of the connectors. The electrical properties of a typical bus include but 
are not limited to some or all of the following: signal format, signal voltage levels, clock 
frequency, data transfer speed, bandwidth, data frame format, data rate, handshaking pro- 
tocol, error detection, impedances, and line termination. Each device connected to a bus 
must be compatible with the bus specifications in order to communicate. A sending device 
can also be a receiving device, and a receiving device can also be a sending device. Figure 
12-50 illustrates the concept of a typical bus. 


» FIGURE 12-50 
Physical and electrical 
definition of a typical bus. 


Bus connections 





: « Number of pins 
e Configuration of pins 
e Shape(s) 


Parallel and Serial Buses 


Buses can be either parallel or serial. A parallel bus carries data bits simultaneously, and a 
serial bus carries data bits sequentially one at a time. Figure 12—51 is a simple comparison 
of parallel and serial buses showing eight bits being transmitted. 
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(a) Parellel bus (a) Serial bus 


à FIGURE 12-51 
Comparison of parallel and serial buses. 


It would seem that a parallel bus would transmit data faster than a serial bus because 
multiple data bits can be sent simultaneously. However, this is not always the case. As data 
rates increase, things like crosstalk across parallel bus lines, timing skew between bus lines, 
and EMI (electromagnetic interference) become problems that limit the speed. Serial buses 
are not limited by those factors and can actually transmit data at higher rates than parallel 
buses in many situations. 
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Internal and External Buses 


Internal buses carry information within a system, that is, from one part of the system to 
another part of the same system. External buses (also known as expansion buses) are used 
to connect one system to another separate system. For example, a computer connects to 
peripheral units such as a monitor, keyboard, mouse, and printer through external buses, as 
illustrated in Figure 12-52. 


“FIGURE 12-52 
Example of external bus 
application. 





General Bus Characteristics 
A bus is typically described by the following parameters: 
* Width The number of bits that a bus can transmit at one time. The width of typical 
buses can vary from 1 bit for a serial bus up to 64 bits for a parallel bus. 
* Frequency The clock frequency at which a bus can operate 
* Transfer speed The number of bytes per clock cycle 


* Bandwidth The number of bytes per clock cycle times the number of clock cycles 
per second; that is, transfer speed times frequency. Bus bandwidth is sometimes 
called throughput. 


Bus bandwidth can be specified in two ways, which result in slightly different values. The 
difference depends on how the prefix M in MBps is defined. It can be defined in decimal form 
as a power of ten (106 — 1,000,000) or in binary form as a power of two (27° = 1,048,576). 
In the decimal form, the M stands for mega; in the binary form, the M stands for mebi (mega- 
binary). This can be a point of confusion in specifications, so you should be aware of the 
difference. The following two formulas provide for determination of the bus bandwidth. 
Equation 12-1 is for the decimal approach, and Equation 12-2 is for the binary approach. 


Width (bits) X Frequency (MHz) 
8 bits per byte 


((Width (bits) X Frequency (MHz))/8 bits per byte)10° 


Bus bandwidth Equation 12-1 


Bus bandwidth 


Equation 12-2 
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. TABLE 12-1 





ISA (16 bit) 16 8.3 
PCI ; 32 33 
PCI-X 32 66 . 
AGP 32 66 


AAAN 
2 
N 
U 
Med 
oc 





Bus Protocol 


Bus protocol is a set of rules that allow two or more devices to communicate through a 
bus. Buses provide for data transfer, address selection, and control. Each device connected 
to a bus has an address assigned to it for identification and command signals as well as 
control signals to implement the protocol. These signals allow the devices to work properly 
together by identifying each other and communicating back and forth. One device can send 
a request to another device and get an acknowledgement or reply. 


Handshaking 


The handshake is a routine by which two devices initiate and complete a bus transfer. 
Figure 12-53 shows a simple handshake process, including a timing diagram, in which 
a requesting device (sometimes called the master) and a responding device (sometimes 
called the servant) initiate and complete a data transfer. 


» FIGURE 12-53 © © 


Simple example of handshake REQD 3 ieu BR 
and data transfer. aM: uncus 1m 
ACK 


OKO KOKI 990 90 








® Master sends request for data (REQD) to servant. 
© Servant sends an acknowledgement (ACK) and places data on bus. 
GB) Master receives data and removes request. 


©) Servant removes acknowledge and is ready for next request. 
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Synchronous and Asynchronous Buses 


A synchronized bus includes a clock in the control lines and has a fixed protocol that is 
relative to the clock. A synchronous bus is fast but has the disadvantage that every device 
connected to it must operate at the same clock frequency. Also, the physical length of the 
bus may be limited because of having to carry a high-frequency clock signal. 

An asynchronous bus is not clocked, so it can serve various devices with different clock 
rates. The asynchronous bus uses a handshake protocol to establish communication, as 
previously described. 


Single-Ended vs. Differential Buses 


Data communications between devices can be classified as either single-ended or differen- 
tial in terms of the physical bus configuration. In general, single-ended operation is limited 
in both data rate and distance (cable length). Differential operation provides much higher 
data rates and longer transmission distances. Single-ended operation uses one wire for 
data and one wire for ground, where the signal voltage on the wire is with respect to 
ground. Differential operation uses two wires for data and one wire for ground. The data 
signal is sent on one wire in the twisted pair and its complement (inversion) is sent on the 
other wire. The difference between the two data wires is the differential signal. Figure 
12-54 shows both single-ended and differential operation. 


Data signal * FIGURE 12-54 
A comparison of single-ended 
and differential bus operation. 








Data in Data out 


(a) Single-ended 


Differential 
signal 
Data signal 
Data signal inverted 


Data in O Data out 


(b) Differential 


A single-ended transmission is simpler and lower in cost compared to a differential trans- 
mission. Differential operation is much less sensitive to noise because of common-mode 
rejection. This means that when a common noise signal appears on each line, the two noise 
signals cancel due to the differential operation where the difference between them is zero. 
Since the data signals are the same but opposite in phase, they are effectively added and 
the data signal is reinforced while the noise signal is cancelled. Due to the twisted pair, 
crosstalk is reduced at higher frequencies, thus allowing longer cables. 
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12-7 Parallel Buses 


The PCI Bus 


The PCI (peripheral component interconnect) bus is an internal synchronous bus for inter- 
connecting chips, expansion boards, and processor/memory subsystems. The original PCI 
bus had a width of 32 bits and a frequency of 33 MHz. Another version has a width of 
64 bits and a frequency of 66 MHz. Still later versions enable 64-bit data transfers using up 
to a 133 MHz clock to enable bandwidths of up to 1066 MBps. 

The original PCI standard required 5 V power and signal levels. As the standard evolved, 
the option for 3.3 V was added. The latest standard provides for 3.3 V only. The 32-bit PCI 
connector has 62 pins and 124 contacts (62 per side). Thirty-two of the contacts are used 
for both a 32-address and 32 bits of data, which are multiplexed. The remaining pins are 
used for command and control signals, power, ground, etc. A 64-bit PCI connector has an 
additional 32 pins for a total of 94. The 32-bit PCI connector is shown in Figure 12—55. It 


has 64 pins of which 62 are used. 


FHS cect C/BE[2}# 43.3V 
TRST# Gnd FRAME# | Bus transfer in progress 
+12 V JTAG port pins IRDY# Gnd Initiator ready 
TMD *3.3 V TRDY# Target ready 
TDI DEVSEL# Gnd Target selected 
+5 V Gnd STOP# Target halt request 
+5 V INTA# LOCK# -3.3 V Locked transaction 
INTB# INTC# Interrupt lines PERR# SMBCLK | Parity error/SMBus clock 
INTD# +5 V *3.3 V SMBDAT | SMBus data 


PRSNT1# 
Reserved 
PRSNT1# 
Gnd 


Reserved 
Gnd 
CLK 
Gnd 
REQ# 
IOPWR 
AD[31] 
AD[29] 
Gnd 
AD[27] 
AD[25] 
+3.3V 
C/BE[3]st 
AD[23] 
Gnd 
AD[21] 
AD[19] 
43.3 V 
AD[17] 


Reserved 
IOPWR 
Reserved 
Gnd 
Gnd 

3.3 Vaux 
RST# 
IOPWR 
GNT# 
Gnd 
PME# 
AD[30] 
43.3 V 
AD[28] 
AD[26] 
Gnd 
AD[24] 
IDSEL 
43.3 V 
ADI22] 
AD[20] 
Gnd 
AD[18] 
AD[16] 





Indicates 7.5 or 24 W power 
+5 V or 43.3 V 
Indicates 7.5 or 24W power 


Key notch for 3.3 V cards 
Standby power 

Bus reset 

33 MHz/66 MHz clock 

Bus grant motherboard to card 
Bus request card to motherboard 
Power management event/3.3 V 


Address/data bus 


4 FIGURE 12-55 


Pin layout and functional designation for a 32-bit PCI connector. 


SERR# 
+3.33 V 
C/BE[ 1 ]# 
AD[14] 
Gnd 
AD[12] 
AD[10] 
MGGEN/Gen 
Gnd 
Gnd 
AD[08] 
AD{(07] 
43.3 V 
AD[05] 
AD[03] 
Gnd 
AD([01] 
IOPWR 
ACK64# 
+5 V 

+5 V 


Gnd 
PAR 
AD[15] 
43.3 V 
AD[13] 
AD[11] 
Gnd 
AD[09] 
Gnd 
Gnd 
C/BE[0]* 
43.3 V 
AD([06] 
AD[04] 
Gnd 
AD[02] 
AD[00] 
IOPWR 
REQ64# 
+5 V 
+5 V 





System error 
Even parity over AD bus 


Address/data bus 


Key notch for +5 V cards 


Address/data bus 


For 64-bit expansion 
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The PCI-X Bus 


The PCI-X bus is a high-performance enhancement of the PCI and is backward com- 
patible with the PCI bus, although it is a faster bus and has some additional features. A 
64-bit bus, the PCI-X runs at a frequency of 133 MHz. The PCI-X 2.0 revision supports 
frequencies of 266 MHz and 533 MHz. Some additional features increase system reli- 
ability by minimizing errors at high transfer rates. Servers are the major application for 
the PCI-X. 


The PCI-Express Bus 


The PCI-Express is also designated as PCIe or PCI-E. This bus differs from the PCI and 
PCI-X buses in that it does not use a shared bus. Both PCI and PCI-X use a shared bus 
configuration, as shown in Figure 12—56(a). Each PCIe device has a dedicated path, called 
a lane, to a single chip known as a switch, as shown in part (b). More lanes result in a faster 
data transfer. High speed makes PCI-Express ideal for video and graphics applications. 


«FIGURE 12-56 
Comparison of PCI and PCI- 
Express. 





(a) PCI shared bus configuration (b) PCI-Express lane configuration 


A single PCI-Express lane contains two pairs of conductors. One pair of conductors 
from a given device receives data and the other pair sends data in a serial format. A single 
lane configuration is known as x1 and is illustrated in Figure 12-57(a). A x2 configuration 
is shown in part (b), and a x16 configuration is shown in part (c). Other possible configura- 
tions are x4, x8, and x32. 


“FIGURE 12-57 
PCI-Express lane 
configurations. 





(a) x1 (b) x2 (c) x16 


Bidirectional data are transferred serially on each lane. For multiple-lane configura- 
tions, the serial data on each lane are in parallel with the serial data on all the other lanes. 
The data are transferred at one bit per cycle on a x1 connection, two bits per cycle on a x2, 
and sixteen bits per cycle on a x16. The PCI-Express has a bandwidth of 4 Gbps per lane. 
PCI-Express supports hot swapping in which expansion cards can be added or removed 
without turning off the system. PCI and PCIe are software compatible but not hardware 
compatible. 
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The IEEE-488 Bus 


This bus standard has been around a long time and is also known as the General-Purpose 
Interface Bus (GPIB). Widely used in test and measurement applications, it was devel- 
oped by Hewlett-Packard in the 1960s. The IEEE 488 specifies 24 lines that are used to 
transfer eight parallel data bits at a time and provide eight control signals that include 
three handshake lines and five bus-management lines. Also included are eight ground 
lines used for shielding and ground returns. The maximum data transfer rate for the IEEE 
488 standard is 1 Mbps. A superset of this standard, called the HS488, has a maximum 
data rate of 8 Mbps. 

To connect test equipment to a computer using the IEEE-488 bus, an interface card is 
installed in the computer, which turns the computer into a system controller. In a typical 
GPIB setup, up to 14 controlled devices (test and measurement instruments) can be con- 
nected to the system controller. When the system controller issues a command for a con- 
trolled device to perform a specified operation, such as a frequency measurement, it is said 
that the controller “talks” and the controlled device “listens.” 

A listener is an instrument capable of receiving data over the GPIB when it is addressed 
by the system controller (computer). Examples of listeners are printers, monitors, program- 
mable power supplies, and programmable signal generators. A talker is an instrument 
capable of sending data over the GPIB. Examples are DMMs and frequency counters that 
can output bus-compatible data. Some instruments can send and receive data and are called 
talker/listeners; examples are computers, modems, and certain measurement instruments. 
The system controller can specify each of the other instruments on the bus as either a talker 
or a listener for the purpose of data transfer. The controller is usually a talker/listener. 

A typical GPIB arrangement is shown in Figure 12-58 as an example. The three basic 
bus signal groupings are shown as the data bus, data transfer control bus, and interface 
management bus. 


Data 


Interface clear 
Attention 
Service req 
Remote EN 
End or identify 


Data valid 
Not ready for data 
Not data accepted NDAC 





4 FIGURE 12-58 
A typical IEEE 488 (GPIB) connection. 


The parallel data lines are designated DI/O1 through DI/O8 (data input/output). One 
byte of data is transferred on this bidirectional part of the bus. Every byte that is transferred 
undergoes a handshaking operation via the data transfer control. The three active-LOW 
handshaking lines indicate if data are valid (DAV), if the addressed instrument is not ready 
for data (NRFD), or if the data are not accepted (NDAC). More than one instrument can 
accept data at the same time, and the slowest instrument sets the rate of transfer. Figure 
12-59 shows the timing diagram for the GPIB handshaking sequence, and Table 12-2 
describes the handshaking signals. 
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DAV NOT VALID VALID NOT VALID VALID NOT VALID 
ant All ready pa P 
NRFD None ready None ready 
- Kasp” 
Some ready Some ready 
NDAC None accepted J r r \ None accepted 4 [ i 
LAN Ur. Me 
Some All accepted Some All accepted 
accepted accepted 


The five signals of the interface management bus control the orderly flow of data. The 
ATN (attention) line is monitored by all instruments on the bus. When ATN is active, the 
system controller selects the specific interface operation, designates the talkers and the 
listeners, and provides specific addressing for the listeners. Each GPIB instrument has a 
specific identifying address that is used by the system controller. Table 12—3 describes the 
GPIB interface management lines and their functions. 






Data Valid: After the talker detects a HIGH on the NRFD line, a LOW is placed on 





this line by the talker when the data on its I/O are settled and valid. 

NRFD Not Ready for Data: The listener places a LOW on this line to indicate that it is not 
ready for data. A HIGH indicates that it is ready. The NRFD line will not go HIGH 
until all addressed listeners are ready to accept data. 

NDAC Not Data Accepted: The listener places a LOW on this line to indicate that it has 





not accepted data. When it accepts data from its I/O, it releases its NDAC line. The 





NDAC line to the talker does not go HIGH until the last listener has accepted data. 






Attention: Causes all the devices on the bus to interpret data, as a controller 


command or address and activates the handshaking function. 
IFC Interface Clear: Initializes the bus. 
SRQ Service Request: Alerts the controller that a device needs to communicate. 
REN Remote Enable: Enables devices to respond to remote program control. 
EOI End or Identify: Indicates the last byte of data to be transferred. 


The GPIB is limited to a maximum cable length of 15 meters, and there can be no 
more than one instrument per meter with a maximum capacitive loading of 50 pF each. 
The cable length limitation can be overcome by the use of bus extenders and modems. A 
bus extender provides for cable-interfacing of instruments that are separated by a distance 
greater than allowed by the GPIB specifications or for communicating over greater dis- 
tances via modem-interfaced telephone lines. 

The IEEE-488 connector and pin configuration are shown in Figure 12—60. 


The Parallel SCSI Bus 


The SCSI (small computer system interface) bus, generally pronounced "skuzy", is a par- 
allel I/O bus with a width of either 8, 16, or 32 bits, depending on the version. For many 
years SCSI has been one of the most widely used buses in storage servers and data centers. 
SCSI is also used for the purpose of transferring data between a computer and peripheral 
devices, such as hard disks, tape drives, scanners, and CD drives. Figure 12-61 shows the 
SCSI symbol. 


* FIGURE 12-59 
Timing diagram for the GPIB 
handshaking sequence. 


<TABLE 12-2 


. The GPIB handshaking 


signals. 


“<TABLE 12-3 
The GPIB management lines. 
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Pin Designation Description Pin Designation Description 

1 DIOI Data input/output bit. 13 DIOS Data input/output bit. 

2 DO Data input/output bit. 14 DIO6 Data input/output bit. 

3  DI03 Data input/output bit. 15 DIO7 Data input/output bit. 

4 DI04 Data input/output bit. 16 DIO8 Data input/output bit. 

5 EOI End-or-identify. 17 REN Remote enable. 

6 DAV Data valid. 18 GND (wire twisted with DAV) 

7 NRFD Not ready for data. 19 GND (wire twisted with NRFD) 

8 NDAC Not data accepted. 20 GND (wire twisted with NDAC) 

9 FC Interface clear. 21 GND (wire twisted with IFC) 
10 SRQ Service request. 22 GND (wire twisted with SRQ) 
11 ATN Attention. 23 GND (wire twisted with ATN) 
12 SHIELD 24 Logic ground 

å FIGURE 12-60 


The IEEE-488 (GPIB) bus connector and pin assignments. 


The original version of the SCSI parallel bus standard was introduced in 1986 and des- 

pA ignated SCSI-1. The current SCSI standard is known as SCSI-5, which was preceded by 
SCSI-1, SCSI-2, SCSI-3, and SCSI-4. Later versions are backward compatible with earlier 

versions. There are many variations of the SCSI standard version with designations such as 


A FIGURE 12-61 asynchronous, synchronous, fast, ultra, and wide, which have different speeds, widths, and 
SCSI symbol.  . number of devices that can be connected, as shown in Table 12-4. 
YTABLE 12-4 


Evolution of the parallel SCSI standard. 











SCSI-1 Asynchronous/Synchronous 7 8 bits 4 MBps/5 MBps 





SCSI-2 Wide, Fast, Fast/Wide 7/A5 8/16 bits 10 MBps/20 MBps 
SCSI-3 Ultra, Ultra/Wide, Ultra2, 7/15 8/16 bits 20 MBps/40 MBps/ 
Ultra2/Wide, Ultra160 80 MBps/160 MBps 
SCSI-4 Ultra320 15 16 bits 320 MBps 
SCSI-5 Ultra640 15 8/16/32 bits 640 MBps 
SCSI Signals 


A parallel SCSI bus contains nine control signals in addition to data, dc voltages, and 
ground. These signals are listed in Table 12—5. 


» TABLE 12-5 
SCSI parallel bus signals. 






BSY Busy, Bus in use 

SEL Select 

RST Reset 

C/D. Control/Data 

MSG Message 

REQ Request 

ACK Acknowledge a request 
ATN Attention 


I/O Input or output 
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Up to eight or sixteen devices, including the host, can be connected to a SCSI bus, but 
only two devices can communicate at any given time. Communication begins when an ini- 
tiating device sends a request and the target device acknowledges and performs the request. 
Single-ended (SE) and differential (LVD or HVD) are the three electrical specifications. 
Single-ended operation is limited to a cable length of 6 meters, and differential operation 
allows up to 25 meters. LVD is low-voltage differential and HVD is high-voltage differen- 
tial. SCSI devices can operate either asynchronously or synchronously. The serial SCSI bus 
is introduced in Section 12-9. 


. SECTION 12- 7. 1. What be PCI stund for? —— — s 
. CHECKUP 2. List two alternate deiignaions for the PCI-Express b bs. 
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12-8 The Universal Serial Bus (USB) 


The universal serial bus (USB) is a widely used standard serial bus for connecting 
peripherals to a computer. There are typically two or more USB ports on computers and, 
with USB hubs, up to 127 devices can be connected. USB allows the devices to be con- 
nected or disconnected while the computer is running (hot swapping). Figure 12-62 shows 
the symbol for USB. 4 FIGURE 12-62 
The original USB standard was 1.0, which was followed by 1.1. USB 2.0 replaced the Usp symbol. 
two original versions and more recently USB 3.0 was introduced. The earlier versions are 
still in use, especially 2.0. In terms of data rate, USB has four classifications: low-speed, 
full-speed, high-speed, and super-speed. Table 12—6 shows how the data rate classifications 
apply to each of the USB versions and Table 12—7 shows the data rate values. 








Y TABLE 12-6 Y TABLE 12-7 
E E Low-speed 0.1875 MBps 
. ° Full-speed 1.5 MBps 
B E . High-speed 60 MBps 
° . ° . Super-speed 625 MBps 


Cable length is an important specification for buses. Table 12-8 lists maximum cable 
lengths for three USB versions and maximum total lengths when multiple cables are strung 
together using USB hubs. A hub is a common connection device with multiple ports. 





Max cable length 9.8 ft. (3.0 m) 16.4 ft. (5.0 m) 9.8 ft. (3.0 m) 
Maximum total length 49.2 ft. (15 m) 82.0 ft. (25 m) 49.2 ft. (15 m) 


USB Cable and Connectors 


USB versions up to and including 2.0 have a four-wire cable that includes a twisted pair 
to reduce or eliminate noise for data transmission, a +5 V wire, and a ground wire color- 
coded, as shown in Figure 12—63(a). The standard type A and type B connectors are shown 
in parts (b) and (c) with pin designations. USB hosts (computer) and devices (peripherals) 
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have sockets, and all USB cables have a type A plug at one end and a type B plug at the 
other. The sockets on a host are Type A, and the sockets on peripheral devices are Type B. 
Hubs have both Type A and Type B. The USB standard also specifies smaller connectors 
designated mini and micro. 


| » FIGURE 12-63 
USB cable and connectors for 
USB standards through 2.0. 





(a) USB cable 






Gnd D+ D- 45V Gnd D+ 


(b) Type A connector (c) Type B connector 


USB Data Format 


Serial data are transmitted on the twisted pair (D+ and D—) using half-duplex differential 
mode to minimize EMI and improve the signal-to-noise ratio. Data are sent in packets 
using NRZI (non-return-to-zero invert) encoding format with a 3.3 V level (differentially, 
there are 6.6 V between the two data lines). A packet format can contain the following 
fields: 


Sync field All packets start with a sync (synchronization) field. The sync field con- 
sists of 8 bits for low and 32 bits (full speed) for high speed and is used to synchronize 
the receiver clock with that of the transmitter. 


PID field The packet identification field is used to identify the type of packet that is 
being transmitted. There are four bits in the PID; however, to ensure it is received 
correctly, the four bits are complemented and repeated, making an 8-bit PID code. 


ADDR field The address field specifies to which device the packet is sent. The seven 
bits in this field allow for 127 devices to be supported. Address 0 is invalid. 


Data field The data field contains up to 1024 bytes of data. 


ENDP field The endpoint field is made up of four bits, allowing 16 possible end- 
points. An endpoint is a data source or load. Low-speed devices, however, can only have 
two additional endpoints on top of the default pipe (four endpoints max). Endpoints can 
be described as sources or sinks of data. 

CRC field Cyclic redundancy checks are performed on the data within the packet 
using from 5-16 bits, depending on the type of packet. 


EOP field This packet field signals the end of a packet. 


Four types of USB packets are token, data, handshake, and start-of-frame, as shown 
in Figure 12-64 with the packet format for each type. Each field is labeled and the 
number of bits shown. The token packet indicates the type of transaction, the data 
packet contains the actual data, the handshake packet acknowledges a transaction, and 
the start-of-frame packet begins a new frame. The token packet, data packet, hand- 
shake packet, and start-of-frame packet each have a different packet format as specified 
by the PID field. 


| 444 | Digital Fundamentals, Eleventh Edition 


a 7 4FIGURE 12-64 
^| CRC | EOP S PID | D CRC 








(a) Token packet (b) Data packet 
Sync | PID | EOP Sync | PID | Frame number | CRC 
8/32 8 3 8/32 8 ll, 5 
(c) Handshake packet (d) Start-of-frame packet 
USB 3.0 


USB 3.0 is a recent version of the USB standard. The 3.0 version, known as SuperSpeed 
USB, is ten times faster than USB 2.0 at 4.8 Gbps. The 3.0 connectors (types A and B) are 
different then version 2.0 because they now have nine contacts instead of four. The 3.0 type 
A connector looks about the same as that for 2.0 except that the extra five pins are further 
inside and make contact only with a 3.0 mating connector. The connector is compatible 
with a 2.0 device where the front four pins are accessible. Type A and type B connectors 
for USB 3.0 along with the standard symbol are shown in Figure 12-65. There is also a 
micro-B connector available. 


«FIGURE 12-65 
USB 3.0 connectors and 
symbol. 





SS 


(a) Type A (b) Type B (c) Symbol 


USB 3.0 is, for the most part, backward compatible with USB 2.0, but the speed is 
limited to the 2.0 specification. The USB 3.0 cable consists of two additional twisted pairs 
for data and an additional ground, for a total of nine wires. Unlike the previous versions, 
version 3.0 is full-duplex, meaning that data can be sent and received simultaneously. One 
twisted pair is for receiving data, and two additional twisted pairs are for sending high- 
speed data. 

The recent USB 3.1 specification increases the data rate to 10 Gbps, twice that of the 
3.0. USB 3.1 is backward compatible with 3.0 and 2.0 and a new connector, type C, is 
included in the specification. 

Figure 12—66 shows the USB in a typical computer system. The computer acts as a host 
and uses Type A connectors. The hub functions as both a host and a device. 


«FIGURE 12-66 
Example of USB applications. 
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12-9 Other Serial Buses 


The RS-232/422/423/485 Buses 
RS-232 Bus 


Also known as EIA-232, the RS-232 bus was once standard on computers for connec- 
tion to peripheral devices. The standard provides for single-ended data transmission in 
either synchronous or asynchronous formats. It has been replaced by the USB because 
of its limited speed, relatively large voltage requirements, and large connector size. 
However, RS-232 devices are still used in industrial and telecommunication applica- 
tions as well as scientific instrumentation. The devices connected by the RS-232 are 
classified as DTE (data terminal equipment) or DCE (data communication equipment). 
Since newer computers have no RS-232 ports, USB-to-RS-232 converters can be used to 
connect to older RS-232 compatible peripherals, if necessary. The standard is designed 
for one transmitting device and one receiving device with a maximum cable length of 
50 feet between them. 

The maximum RS-232 data rate is 20 kbps. The data format typically consists of seven 
or eight bits of data, a start bit, a parity bit in some cases depending on the protocol, and 
a stop bit. A transmitted signal level between +5 V and +15 V represents a binary 0 and 
between —5 V and —15 V represents a binary 1. The data is transmitted in NRZ format, as 
Figure 12-67 shows. 


FIGURE 12-67 —— — "5v 
Example of RS-232 (0) 
transmitted data format. A 


parity bit is not included. -15V 


(1) 





Start bit Stop bit 
(0) (1) 


The standard 25-pin connector for RS-232 is shown in Figure 12—68(a). A smaller 9-pin 
connector, is shown in part (b). 


» FIGURE 12-68 


— áo a Protective ground 
Standard RS-232 connectors. Transmit data (2) 
Transmit data 
Transmitter clock (DCE) 
Receive data 
Receive data (2) 
Request to send 
ó Receiver clock 
Clear to send 
Data set ready Data carrier detect 
Request to send (2) Data set ready 
Signal Receive data 
Data terminal ready Request to send 
Data carrier detect Transmit data 
Signal quality detector Clear to send 
Test pin terminal y 
Ring indicator Ring indicator 
Test pin Signal ground 
Data signal rate detector 
Protective ground 





Transmitter clock (DTE) 
Data carrier detect (2) 





Clear to send (2) 


(a) 25-pin (b) 9-pin 
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RS-422/423/485 


The RS-422 bus provides for differential transmission for greater distances (longer cable 
length) and has higher data rates than the RS-232 bus. Also, the standard defines the num- 
ber of receiving devices as ten for a line with one driver (transmitting device) compared 
to one receiving device for the RS-232. The RS-423 bus is similar to the RS-232 in that 
it is single-ended, but it has a higher data rate and longer cable length. The RS-485 bus is 
a differential standard and can accommodate multiple drivers and receivers. Table 12-9 
summarizes some of the features of the RS (EIA) buses. 






«TABLE 12-9 





Operation Single-ended Single-ended Differential Differential 
Drivers/Receivers 1/1 1/10 1/10 32/32 
Cable length 50 ft 4000 ft 4000 ft 4000 ft 
Max data rate 20 kbps 100 kbps 10 Mbps 10 Mbps 
Driver output signal 5 V/15 V 3.6 V/6 V 2 V/6 V 1.5 V/6 V 
level (+/— min/max) 


The SPI Bus 


The serial-to-peripheral interface (SPI) bus is a synchronous serial communications bus 
that uses four wires for communication between a “master” device and a “slave” device. 
This standard was developed by Motorola; it operates in full-duplex mode up to a data rate 
of 10 Mbps and can accommodate multiple slaves. The four signal wires are 

1. MOSI (master out slave in) is initiated by the master and received by the slave. 

2. MISO (master in slave out) is initiated by the slave and received by the master. 

3. SCLK (serial clock) is generated by the master for synchronizing data transfers. 

4. SS (slave select) is generated by the master to select an individual slave. 


Other names are sometimes assigned to these signals such as SDI (serial data in) for MOSI 
and SDO (serial data out) for MISO. Figure 12—69 shows a master with a single slave. 


«FIGURE 12-69 
SPI master/slave configuration. 





The SPI bus is typically used in embedded systems and on PCBs for communication 
between microprocessors or microcontrollers and peripheral IC chips or between two pro- 
cessors. Much PCB “real estate” can be saved compared to using an internal parallel bus 
with many more connections. 

SPI applications include digital audio, signal processing, and telecommunications. SPI 
is used to communicate with various types of peripherals such as sensors, camera lenses, 
flash memory, LCD displays, and video games. Many microprocessors and microcon- 
trollers include SPI controllers that can be used as either a master or a slave. 


The I°C Bus 


EC bus (pronounced I squared C) is also stated at I2C (I two C) and stands for inter- 
integrated circuit. It is an internal serial bus primarily for connecting ICs on a PCB. A main 
advantage is that it requires only two lines (plus ground) and therefore saves considerable 
board space compared to a parallel bus. Two signals (SDA and SCL) are used to commu- 
nicate between compatible devices. Data are sent serially on the SDA line, and a clock is 


sent on the SCL line. Like SPI, IC is based on the master/slave concept where the master 
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device drives the clock line and the slaves respond to the master. Only the master can initi- 
ate a transfer over the bus, but slaves can transfer data under control of the master using 
clock rates up to 100 kHz in the standard mode. Two other modes, enhanced and high- 
speed, allow 400 kbps and 3.4 Mbps, respectively. 

When transferring data from master to slave, the master device sends a start bit, fol- 
lowed by a slave address, and a write bit. The master waits for an acknowledge (ACK) sig- 
nal from the slave and then sends the data and waits for an acknowledge before sending a 
stop bit, as illustrated in Figure 12—70(a). The yellow segments are from the master and the 
gray elements are from the slave. Similarly, when the master requires data from the slave, 
it sends a start bit followed by the address and a read bit. The slave returns an acknowledge 
followed by the data. When the master receives the data, it issues an acknowledge and a 
stop bit, as shown in Figure 12—70(b). 


» FIGURE 12-70 
I C data transfers. Yellow is 
from master. Gray is from slave. 





ee Deep] m esp» 


(a) Data transfer from master to slave 





D D^ ENT 


(b) Data transfer from slave to master 


The CAN Bus 


The controller area network (CAN) bus, a differential serial bus, was developed for auto- 
motive applications and is also commonly used in aerospace systems, as weli as other 
applications. The bus consists of a terminated twisted pair of signal lines, called CAN 
H and CAN L, plus ground. Vehicles sold in the United States are required by the SAE 
(Society of Automotive Engineers) to use the CAN bus protocol. The European Union has 
similar requirements. 

Devices, called nodes, can be connected to the bus but are not assigned specific addresses 
as in the PC bus. Two CAN specifications are in use. The standard or basic CAN 2.0A has 
11-bit message identifiers and can operate up to 250 kbps, and the full CAN has 29-bit 
message identifiers and can be used up to 1 Mbps. The message identifier is a label for the 
contents of a message and goes to each node on the bus. Each receiving node performs a 
test on the identifier to determine if it is relevant to that node and is used to arbitrate the 
bus to determine if the message is of highest priority. All of the nodes on the bus can trans- 
mit and receive messages. The bus is available to a node with a message with the highest 
priority (dominant) and can override a message with lower priority (recessive). When the 
dominant message has been processed, the recessive message is retransmitted. 

The standard CAN data frame is shown in Figure 12-71. Data are transmitted in NRZ 
format. The frame begins with a start-of-frame (SOF) bit followed by an arbitration field and 
a control field. The arbitration field contains the message identifier and a remote transmis- 
sion request (RTR) bit. The control field has two reserve bits and a data length code (DLC) 
that specifies the length of the data field that follows and can contain up to 8 bytes. The 
cyclic redundancy check (CRC) field provides for error detection. The acknowledge (ACK) 
verifies the receipt of correct data, and the frame ends with the end-of-frame field (EOF). 


» FIGURE 12-71 | Arbi i 
Standard CAN data frame i Me erai ma 
format. 





An Application 


An automobile typically has many control units (usually several dozen) for various sub- 
systems, including the engine control unit and other control units for transmission; ABS; 
cruise control; power steering; audio system; window, door, and mirror controls; airbags; 
and others. Figure 12-72 is a block diagram of a partial automotive control system using 
two CAN buses, one low-speed and one high-speed to control various functions throughout 
the vehicle. 
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e 





À FIGURE 12-72 
The CAN bus in an automotive control system. 


Each unit connected to the bus contains sensors and other functions that allow it to carry 
out its unique purpose. For example, the ABS (antilock braking system) can receive a mes- 
sage from sensors in each wheel indicating that the brake is about to lock up. A sudden 
and rapid deceleration in the wheel indicates an imminent lock-up condition. The ABS unit 
then sends a message that causes the valve in the brake line to release pressure to allow 
acceleration. Then, when acceleration is sensed, the unit causes a pump to restore the pres- 
sure. A rapid release and restore cycle occurs until the brakes are brought under control. A 
pulsing of the brake pedal can be felt when the operation occurs. 

As another example, part of the engine control unit's operation is to sense parameters 
such as engine temperature, oil pressure, fuel consumption, and rpm, and send messages to 
the driver unit. All of the units on the bus operate as a system to keep the vehicle running 
as smoothly and as safely as possible, while providing a comfortable environment for the 
driver and passengers. i 


The Firewire Bus 


Firewire, also known as IEEE-1394 and iLink, is a high-speed external serial bus devel- 
oped by Apple Inc. Firewire is used in high-speed communications and real-time data 
transfer. It is used in professional audio and video equipment, camcorders, DVD players, 
external hard drives, and in computers used for audio and video editing, as well as in some 
auto and aircraft applications. It is similar to the USB except that it has a higher data rate 
and can handle more data. 

Three types of connectors are used in the Firewire standard: a 4-pin connector, a 6-pin 
connector, and a 9-pin connector. The cable for the 4-pin connector consists of two twisted 
pairs that carry data. The cable for the 6-pin connector has the two twisted pairs for data 
plus a power line and a ground line. The cable for the 9-pin connector has the same wires as 
the 6-pin configuration plus two wires that provide for a grounded shield and one wire that 
is currently unused. The Firewire symbol is shown in Figure 12-73(a). End views of the 
three connector types are shown in part (b), and the pin designations are shown in part (c). 
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SN 
dae 
(a) 4-PIN 6-PIN 9-PIN Description Wire Color 
1 8 4Vdc(30V max) ; White 
2 6 Ground Black 
1 3 1 TPB—(diff signal) Orange 
2 4 2. TPB+ Blue 
3 5 3 TPA—(diff signal) Red 
4 6 4 TPA+ Green 
5 Shield 
7 Unused 
9 Shield 





A FIGURE 12-73 
Firewire symbol with cable and connector wires and pins. 


The Firewire bus address has a total of 64 bits. Ten are for bus ID, six are for node 
ID, and 48 are for individual addresses. This allows up to 1023 buses, each having up to 
63 nodes. The six transfer modes in the IEEE-1394 standard and its revisions are S100, 
$200, $400, S800, S1600, and S3200. The S100 is the base rate of 98.304 Mbps. The 
S200 is twice the base rate at 196.608 Mbps, and the S400 is four times the base rate at 
393.216 Mbps. The S800 is 786.432 Mbps while the S1600 and S3200 are 16 and 32 
times the base rate, respectively (1.6 Gbps and 3.2 Gbps). Firewire cable length cannot 
exceed 15 ft (4.572 m). To increase this length, up to 16 cables can be connected together. 


Firewire versus USB 


In general, any capable node can control the bus in a Firewire system, but a single host is 
used to control the bus in USB. USB networks use a tiered-star topology and Firewire uses 
a tree topology. A Firewire device can communicate with any node at any time if the condi- 
tions allow, but a USB 2.0 device cannot communicate with the host device unless requested 
by the host. However, USB 3.0 allows Firewire-like communications between devices. USB 
provides 5 V power while Firewire provides up to 30 V. As a result, Firewire can supply 
more power to a device than USB. As mentioned before, Firewire is faster than USB. 


Serial SCSI 


Serial Attached SCSI (SAS) is a data-transfer technology for transmitting data to and 
from storage devices. It has become a replacement for parallel SCSI bus technology that 
is commonly used in data centers, workstations, and servers. The serial SCSI overcomes 
some of the limitations of the parallel SCSI. The SAS supports up to a 12 Gbps data rate 
and allows up to 65,535 devices to be connected using expanders compared to 15 devices 
for parallel SCSI. 
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12-10 Bus Interfacing 


Basic Multiplexed Buses 


As you have learned, in computers the microprocessor controls and communicates with the 
memories and the input/output (I/O) devices via the internal bus structure, as indicated in 
Figure 12-74. A bus is multiplexed so that any of the devices connected to it can either send 
or receive data to or from one of the other devices. A sending device is often called a master 
or source, and a receiving device is often called a servant or acceptor. At any given time, 
there is only one source active. For example, the RAM may be sending data to the input/ 
output (I/O) interface under control of the microprocessor. 
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Bus Signals 


With synchronous bus control, the microprocessor (CPU) usually originates all control and 
timing signals. The other devices then synchronize their operations to those control and timing 
signals. With asynchronous bus control, the control and timing signals are generated jointly 
by a source and a receiver using a handshaking routine. A typical handshaking sequence is 
given in Figure 12-75. Handshaking routines may differ from one system to another, as you 
can see by comparing this sequence with the one shown in Figure 12-53. 

An important control function is called bus arbitration. Arbitration prevents two 
sources from trying to use the bus at the same time. 


Prepare to receive 


"gre TRE 
| (2) 


Acceptor 


oL mme 
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Connecting Devices to a Bus 


Tri-state buffers are normally used to interface the outputs of a source device to a bus. Usu- 
ally more than one source is connected to a bus, but only one can have access at any given 
time. All the other sources must be disconnected from the bus to prevent bus contention. 

Tri-state circuits are used to connect a source to a bus or disconnect it from a bus, as 
illustrated in Figure 12—76(a) for the case of two sources. The select input is used to connect 
either source A or source B but not both at the same time to the bus. When the select input is 
LOW, source A is connected and source B is disconnected. When the select input is HIGH, 
source B is connected and source A is disconnected. A switch equivalent of this action is 
shown in part (b) of the figure. 

When the enable input of a tri-state circuit is not active, the device is in a high-impedance 
(high-Z) state and acts like an open switch. Many digital ICs provide internal tri-state buffers 
for the output lines. A tri-state output is indicated by a V symbol as shown in Figure 12-77. 


Tri-State Buffer Operation 


Figure 12-78(a) shows the logic symbol for a noninverting tri-state buffer with an active- 
HIGH enable. Part (b) of the figure shows one with an active-LOW enable. 


“FIGURE 12-74 

The interconnection of 
microprocessor-based system 
components by a bidirectional, 
multiplexed bus. 


*« FIGURE 12-75 
An example of a handshaking 
sequence. 
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Tri-state buffers 


S 
Select 


(a) (b) 


å FIGURE 12-76 
Tri-state buffer interface to a bus. 


Y Oo Input Output Input Output 
V 0, 
V O0» Enable Enable 
V 0 (a) Active-HIGH enable (b) Active-LOW enable 
V 0, 
V Os å FIGURE 12-78 
: 2 Tri-state buffer symbols. 
à 


The basic operation of a tri-state buffer can be understood in terms of switching action 
A FIGURE 12-77 as illustrated in Figure 12-79. When the enable input is active, the gate operates as a normal 
Manca a. aLa. L noninverting circuit. That is, the output is HIGH when the input is HIGH and LOW when 
the input is LOW, as shown in parts (a) and (b) respectively. The HIGH and LOW levels 
represent two of the states. The buffer operates in its third state when the enable input is not 
active. In this state, the circuit acts as an open switch, and the output is completely discon- 
nected from the input, as shown in part (c). This is sometimes called the high-impedance or 
high-Z state. 


Method of indicating tri-state 
outputs on an IC device. 
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LOW or Disconnected 
HIGH HIGH LOW LOW HIGH (high-Z) 
HIGH HIGH LOW 
(a) (b) (c) 


Many microprocessors, memories, and other integrated circuit functions have tri-state 
buffers that serve to interface with the buses. Such buffers are necessary when two or more 
devices are connected to a common bus. To prevent the devices from interfering with each 
other, the tri-state buffers are used to disconnect all devices except the ones that are com- 
municating at any given time. 


Bus Contention 


Bus contention occurs when two or more devices try to output opposite logic levels on the 
same common bus line. The most common form of bus contention is when one device has 
not completely turned off before another device connected to the bus line is turned on. This 
generally occurs in memory systems when switching from the READ mode to the WRITE 
mode or vice versa and is the result of a timing problem. 


Multiplexed I/Os 


Some devices that send and receive data have combined input and output lines, called I/O 
ports, that must be multiplexed onto the data bus. Bidirectional tri-state buffers interface 
this type of device with the bus, as illustrated in Figure 12—80(a). 


Bus 
line 





LOW 


Sending 





HIGH 


Receiving 





SND/RCV 
(a) (b) 


Each I/O port has a pair of tri-state buffers. When the SVD/RCV (Send/Receive) line 
is LOW, the upper tri-state buffer in each pair is enabled and the lower one disabled. In this 
state, the device is acting as a source and sending data to the bus. When the SVD / RCV line 
is HIGH, the lower tri-state buffer in each pair is enabled so that the device is acting as an 
acceptor and receiving data from the bus. This operation is illustrated in Figure 12—80(b). 
Some devices provide for multiplexed I/O operation with internal circuitry. 


“FIGURE 12-79 


Tri-state buffer operation. 


«FIGURE 12-80 


Multiplexed I/O operation. 
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1. The simplest connection for sending and receiving devices in a data transmission system is a 
coaxial cable. 


2. BNC is a type of connector used for coax. 

3. The purpose of a twisted pair is to minimize crosstalk. 

4. Shielded twisted pair cable in a conduit provides more protection from EMI than UTP. 
5. Fiber-optic cables are used to transmit electrical pulses through thin optical fibers. 

6. ST is a type of fiber-optic connector. 

7. Most data communications occur within the visible spectrum. 


8. Types of rf and microwave signals that propagate through Earth's atmosphere are ground wave, 
ionospheric, and line-of-sight. ! 


9. In general, a given number of bits can be transmitted faster in parallel than in series. 


10. In asynchronous systems, the sending and receiving devices operate with separate oscillators 
having different clock frequencies. 


11. Data rate is the speed of data transfer. 

12. Bit rate is always less than or equal to the baud. 

13. One method of synchronization is by using separate channels to transmit the data and the tim- 
ing information. 

14. Manchester encoding is a commonly used method that embeds the timing signal in the data so 
that only one channel is required. 

15. Biphase and Manchester are two different types of code. 


16. In a simplex connection, data flow in both directions between the sender (transmitter) and the 
receiver. 


17. BASK stands for binary amplitude-shift keying. 

18. PSK applications include wireless LAN and bluetooth. 

19. In quadrature amplitude modulation there are eight phase quadrants. 

20. QAM is widely used in telecommunications and in digital cable TV. 

21. PWM and PDM are the same. 

22. PPM is less sensitive to channel interference than PAM or PWM. 

23. Pulse code modulation involves sampling of an analog signal amplitude at regular intervals. 

24. The three main data transmission combinations are digital-to-analog, analog-to-digital, and 
digital-to-digital. 

25. TDM stands for transmitted data multiplexing. 


26. FDM is a baseband technique in which the total bandwidth available to a system is divided into 
frequency sub-bands and information is sent in analog form. 


27. A bus connects two or more devices to allow them to communicate. 
28. A bus is only defined by the wires and connectors. 

29. A parallel bus is always faster than a serial bus. 

30. Bus width is the width of each conductor in a parallel bus. 

31. Handshaking is part of bus protocol. 

32. A single-ended transmission is simpler and lower in cost compared to a differential transmission. 
33. A tri-state driver has a HIGH state, a LOW state, and a shorted state. 
34. PCI stands for peripheral computer interface. 

35. Two types of PCI buses are PCI-X and PCI-E. 

36. IEEE-488 is known as the GPIB. 

37. SCSI stands for serial computer system interface. 
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38. 
39. 


40. 
41. 
42. 





USB is a widely used standard serial bus for connecting peripherals to a computer. 


The SPI bus is typically used in embedded systems and on PCBs for communications between 
microprocessors or microcontrollers and peripheral IC chips or between two processors. 


An internal serial bus primarily for connecting ICs on a PCB is the C bus. 
Most automotive systems use the Firewire bus. 


CAN stands for computer area node. 


SELF-TEST =—-—=—s Answers are at the end of the chapter. 





1. 


10. 


11. 


12. 


13. 


The main purpose of the shield in a coaxial cable is to 
(a) make the cable stronger (b) dissipate heat 
(c) prevent EMI (d) prevent distortion 
. UTP is color-coded according to 
(a) a 10-pair color code (b) a 25-pair color code 
(c) the resistor color code (d) the primary colors 


. Advantages that fiber-optic systems have over electrical transmission media are 


(a) higher data rate, less susceptible to noise, and longer transmission distance 
(b) lower cost, higher data rate, and simplicity 

(c) higher data rate, higher EMI, less distortion 

(d) higher baud, availability, and reliability 


. The modes of light propagation in optical fibers are 


(a) simplex and duplex (b) multimode and single-mode 
(c) synchronous and asynchronous (d) scatter and direct 


. The electromagnetic spectrum includes 


(a) radio waves, microwaves, and audio waves 
(b) radio waves, microwaves, and sonic waves 
(c) visible light, infrared, and alpha waves 

(d) radio waves, microwave, and infrared 


. Satellites use 


(a) ground propagation (b) line-of-sight propagation 
(c) ionospheric propagation (d) triangulation 
. In asynchronous transmission, data are sent in short bursts known as 
(a) packets (b) frames 
(c) bundles (d) quanta 
. For a given bit rate, the baud compared to the bit rate is 
(a) always greater (b) always less 
(c) equal or greater (d) equal or less 


. The efficiency of a data transmission system is 


(a) the ratio of baud to bit rate 

(b) the ratio of actual data rate to ideal data rate 
(c) the ratio of data bits to total bits 

(d) the ratio of parity bits to data bits 


The Manchester code format is 


(a) NRZ (b) biphase 

(c) RZ (d) FDM 

A synchronous data frame does not contain a(n) 

(a) preamble (b) data field 
(c) address (d) vector field 


Three types of data channel connections in terms of data flow are 
(a) input, output, neutral 

(b) simplex, half-duplex, full-duplex 

(c) simplex, duplex, triplex 

(d) uniplex, diplex, biplex 


In FSK modulation, 

(a) the frequency of a carrier signal is varied by a digital signal. 
(b) the frequency of a digital signal is varied by a carrier signal. 
(c) the phase of a carrier signal is varied by a digital signal. 

(d) the amplitude of a carrier signal is varied by a digital signal. 
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14. Types of modulation in which a parameter of a sine-wave carrier signal is varied by a digital 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


signal are 
(a) PAM, PWM, PPM 
(c) FSK, PSK, PPM 


QAM stands for 

(a) quadrature analysis method 

(b) quadrature amplitude modulation 
(c) quasi-amplitude modulation 

(d) quadratic amplitude modulation 


In QAM, the parameters that are varied are 


(a) amplitude and frequency 
(c) amplitude and phase 


(b) QAM, PAM, ASK 
(d) FSK, ASK, PSK 


(b) phase and frequency 
(d) pulse width and position 


Three methods of modulating a digital signal with analog data are 


(a) PAM, PWM, PPM 
(c) FSK, QAM, PAM 


(b) PAM, ASK, PPM 
(d) QAM, PAM, PWM 


The most likely type of modulation to be used in motor speed control is 

(a) PAM (b) PPM 

(c) PWM (d) QAM 

A method in which an analog signal is sampled and converted to a digital code is 
(a) PCM (b) PDM 

(c) PDC (d) PPM 

TDM stands for 


(a) time duration modulation 
(c) time division multiplexing 


Two methods of combining data in TDM are 


(a) fast and slow 
(c) time-domain and frequency-domain 


(b) time division modulation 
(d) time division method 


(b) bit-interleaved and byte-interleaved 
(d) simplex and duplex 


A method by which data from multiple sources are sent simultaneously is 


(a) TDM 

(c) FSK 

Properties that define a bus include 
(a) type of connectors 


(b) length and type of cable or connection 


(c) data rate and encoding 
(d) all of these 


The speed of a parallel bus can be limited by 


(a) crosstalk 
(c) skew 


(b) FCM 
(d) FDM 


(b) EMI 
(d) all of these 


The method by which two devices initiate and complete a bus transfer is 


(a) handshaking 

(c) give and take 

PCI is the acronym for 

(a) peripheral controller interface 
(c) protocol compatible interface 


(b) saluting 
(d) multiple access protocol 


(b) peripheral computer interface 


(d) peripheral component interconnect 


In a PCI system, the individual paths from switch to peripherals are called 


(a) pipes 
(c) highways 


The following is not a classification of USB: 


(a) low-speed 
(c) high-speed 


A 3.0 USB cable contains 
(a) two twisted pairs 
(c) three twisted pairs 


Four types of USB packets are 


(a) token, data, handshake, and start-of-frame 


(b) token, data, handshake, and control 


(b) lanes 
(d) channels 


(b) full-speed 
(d) intermediate speed 


(b) one twisted pair 
(d) two straight wires 


(c) identification, address, synchronization, and data 


(d) none of these 
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31. The RS-232 encoding method is 


(a) RZ (b) Manchester 
(c) biphase (d) NRZ 

32. The bus typically used to connect systems in an automobile is the 
(a) SPI (b) CAN 
(c) PC (d) PCI 





Section 12-1 Data Transmission Media 
1. List four parts of a coaxial cable. 
2. What do the acronyms UTP and STP mean? 
3. Name four advantages of fiber optic media over electrical transmission media. 
4. List three parts of an optical fiber. 
5. Describe the multimode in an optical fiber. 


6. Which of the optical fiber sizes (50/125, 62.5/125, 8.3/125) operates in multimode and which 
operate(s) in single mode? 


7. Draw a basic block diagram of a fiber optics communications link. 
8. A frequency of 100 MHz falls into what part of the electromagnetic spectrum? 
9. In what frequency range does visible light fall? 


Section 12-2 Methods and Modes of Data Transmission 
10. If data bits are transmitted serially at a 1 MHz rate, how many bits can be transmitted in 1 ms? 
11. If a byte of data is transmitted in parallel in 1 us, what is the data rate in bits per second? 


12. Eight voltage levels are being transmitted by a system where each level (symbol) represents a 3-bit 
code. Assuming that 12 symbols are transmitted in 0.5 us, determine the bit rate and the baud. 


13. Assume a 5-bit code is used for each symbol transmitted. If the bit rate is 25 MHz, what is 
the baud? 


14. A certain data packet contains a total of 20 bits of which 16 are data bits. Determine the efficiency. 
15. Show the data waveform for the bit sequence 101011100011 in NRZ and in RZ formats. 

16. For the bit sequence in Problem 15, show the Manchester code. 

17. Determine the bit sequence represented by the Manchester code in Figure 12-81. 





» FIGURE 12-81 
18. List and describe each part of a typical synchronous data frame structure. 
Section 12-3 Modulation of Analog Signals with Digital Data 
19. Determine the binary code represented by the ASK signal in Figure 12-82. Presence of a signal 
is a 1 and absence of a signal is 0. 
» FIGURE 12-82 id i Har i 


20. Show how you would respresent four successive bits (1010) using FSK. 
21. Repeat Problem 20 for PSK. 
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22. Refer to Figure 12-23 and determine the sequence of bits represented by the QAM signal in 








Figure 12-83. 
» FIGURE 12-83 
23. Sketch a constellation map for a 4-bit PSK system. 
24. Repeat Problem 23 for a 4-bit QAM system. 
Section 12-4 Modulation of Digital Signals with Analog Data 
25. Describe the PWM intersective method. 
26. Develop the PAM and PWM signals for the waveform in Figure 12-84. 
» FIGURE 12-84 
(a) PAM 
27. In a certain PPM system there are 25 positions in each period, 7. If T — 10 ms, determine the 
data rate. 
28. Show the NRZ code for the PPM signal in Figure 12-85. 
» FIGURE 12-85 eT. £7. ete e 
l l | l i l l l l l 
PPM | l | l l l l | | 
10 11 


| | 
| | 
i | 
| | 

00 01 10 11 00 
| | 
| | 
| | 
L | 


29. In a PCM code, how many bits are required to represent 16 voltage levels of a modulating 
signal? 


01 10 11 00 01 10 ll 
l 
| 
| 
I 


| 
| 
| 
| 
00 Ol 
| 
| 
| 
I 


30. Show the 4-bit PCM code in NRZ format for four successive samples of an analog waveform. 
The sampled values are 1, 3, 5, and 7. 


Section 12-5 Multiplexing and Demultiplexing 

31. Explain the difference between bit-interleaved and byte-interleaved TDM. 
32. Describe the difference between synchronous and statistical TDM. 

33. What type of filters are used in an FDM system and what is their purpose? 


34. What is the frequency separation called between each source in an FDM system? 


Section 12-6 Bus Basics 
35. List six physical characteristics and five electrical and performance characteristics of a bus. 
36. Explain the difference between bus width and bus bandwidth. 


37. A certain bus is specified with a width of 16 bits and a frequency of 100 MHz. Determine the 
bus bandwidth expressed as two different values. 


38. Describe a simple example of a handshake. 
39. State an advantage of a differential bus over a single-ended bus. 
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Section 12-7 Parallel Buses 

40. Explain the difference between PCI and PCI-X buses. 

41. Explain how the PCI-Express differs from PCI and PCI-X. 

42. What does x2 mean in a PCI-Express bus? 

43. The terms listener and talker are associated with which bus standard? 


44. Provide the description of each of the SCSI signals: BSY, SEL, RST, C/D, REQ, ACK, ATN, 
and MSG. | 


45. Consider the GPIB interface between a talker and a listener as shown in Figure 12—86(a). From 


the handshaking timing diagram in part (b), determine how many data bytes are actually trans- 
ferred to the listening device. 


Listener 


Transfer 





bus -—— eed 
NDAC | | | | | | 
(b) 


å FIGURE 12-86 


46. Describe the operations depicted in the GPIB timing diagram of Figure 12-87. Develop a basic 
block diagram of the system involved in this operation. 


Address Data Data 





Address Data Data 
0B ei Che LOAD 


(DI/O1-DI/O8) 


coe Bi 


ATN F- 3 i i I ] 


DAV 


å FIGURE 12-87 


Section 12-8 The Universal Serial Bus (USB) 
47. Identify each of the symbols in Figure 12-88. 


» FIGURE 12-88 <> e Q i ssa 
(a) (b) 


(c) 


48. List the four types of USB packets, 
49. Describe each of the fields in the USB data packet in Figure 12-89. 





> FIGURE 12-89 —— 1 — BET sa [cic | nor 
8 |0-8192| 16 3 


50. What type of data encoding is used in USB 3.0? 
51. Determine the maximum number of bytes in a USB data field. 
52. What is the maximum separation of two USB 2.0 devices? 
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Section 12-9 Other Serial Buses 

53. Describe how RS-232 and RS-422 differ. 

54. List the four signals in an SPI bus and describe each one. 

55. Describe the main use for the ^C bus. 

56. Fill in the field descriptions for the blank CAN bus data format in Figure 12-90. 


“> FIGURE 12-90 





57. Refer to Figure 12-72 and list additional units that may appear on a CAN automotive system. 


58. What is the data rate for the IEEE-1394 bus standard in the S100 mode? What is the data rate 
in the S1600 mode? 


Section 12-10 Bus Interfacing 


59. In a simple serial transfer of eight data bits from a sending device to an receiving device, the 
handshaking sequence in Figure 12-91 is observed on the four generic bus lines. By analyzing 
the time relationships, identify the function of each signal and indicate if it originates at the 
sender or at the receiver. 


» FIGURE 12-91 [ | ec m 
I & tn” = LI LL. 
Pere oe PERATA NA E 
Sy ste 98 sere EOE DE L 


60. Determine the signal on the bus line in Figure 12-92 for the data input and enable waveforms 
shown. 


I 3 
ı Bus line 


» FIGURE 12-92 la 
Data A [1 [1 [| [1 [1 A Data A 
Enable A Mi [^ meme Enable A 


Data B vL ye LE SUL Data B 
inte SD Enable B | 
| 


61. In Figure 12—93(a), data from the two sources are being placed on the data bus under control 
of the select line. The select waveform is shown in Figure 12—93(b). Determine the data bus 
waveforms for the device output codes indicated. 





Device 1 Device 2 


D, D, 0 


VNVVN AV oV 
NYNTYEYET. 


0 


VY VV VN 
VIYIVIYIYIVIYE 













å FIGURE 12-93 
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SECTION CHECKUPS 
Section 12-1 Data Transmission Media 
1. 


Wire, coaxial cable, twisted pair cable, optical fiber cable, and wireless 


2. The shield protects against EMI. 
3. 
4 
5 


Ground wave, ionospheric, line-of-sight 


. Gamma radiation has the highest frequencies 
. Baseband uses digital modulation (a series of pulses). Broadband uses a digitally modulated 


analog signal. 


Section 12-2 Methods and Modes of Data Transmission 


1. 
2. 
3. 
4. 


Serial data are one bit at a time in sequence. Parallel data are simultaneous multiple bits at a time. 
Synchronization allows the receiver to recognize the beginning and end of a data transmission. 
RZ, NRZ, biphase are three types of data format. 

Simplex, half-duplex, and full-duplex are three modes of data transmission. 


Section 12-3 Modulation of Analog Signals with Digital Data 


1. 
2. 
3. 
4. 
5. 


Modulation techniques are ASK, FSK, PSK, and QAM. 
The amplitude of the analog signal is changed in ASK. 
The frequency of the analog signal is changed in FSK. 
QAM is quadrature amplitude modulation. 

The phase of the analog signal is changed in PSK. 


Section 12-4 Modulation of Digital Signals with Analog Data 


1. 
2. 
3. 
4. 
5. 


Pulse modulation methods are PAM, PWM, PPM, and PCM 
Pulse amplitude 

Pulse width 

Pulse position 

A binary code 


Section 12-5 Multiplexing and Demultiplexing 


1. 


The purpose of multiplexing is to send data from several sources on a single communication 
channel. 


. TDM is time division multiplexing where data from multiple sources are interleaved on a time 


basis. 


. FDM is frequency division multiplexing where data from multiple sources are sent simultane- 


ously at different frequencies. 


. Statistical TDM has the higher efficiency. 
. The guard band is the frequency separation between the frequency bands of the multiple 


sources in FDM. 


Section 12-6 Bus Basics 


1. 
2. 


Speed of a parallel bus can be limited by crosstalk, EMI, and clock skew. 


An internal bus connects parts of a single system. An external bus connects one system to 
another separate system. 


. Bus characteristics include width, frequency, transfer rate, and bandwidth. 
. Bus protocol is a set of rules used by two or more devices to establish and maintain 


communication. 


. A single-ended system uses one wire for data and one wire for ground, where the signal 


voltage on the wire is with respect to ground. In a differential system, two wires are used 
for data and one wire for ground. The data signal is sent on one wire and its complement 
(inversion) is sent on the other wire. The difference between the two data wires is the 
differential signal. 
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Section 12-7 Parallel Buses 
1. PCI is peripheral component interconnect. 
2. PCI-Express is also designated PCIe and PCI-E. 
3. A lane is a dedicated path to a single chip known as a switch. 
4. GPIB is IEEE-488. 
5. SCSI is small computer system interface. 


Section 12-8 The Universal Serial Bus (USB) 
1. USB is universal serial bus, a widely used standard bus. 
2. USB pins are D+, D-, +5 V, ground. 

3. The twisted pair reduces or eliminates noise. 


4. USB 3.0 can run at higher speeds than USB 2.0. USB 3.0 has shorter cable lengths than 
USB 2.0. 


Section 12-9 Other Serial Buses 
1. RS-232, RS-422, RS-423, RS-495, SPI, C, CAN, Firewire, and serial SCSI 
2. SPI is serial-to-peripheral interface. 
3. I°C is inter-integrated circuit. 
4. CAN is controller area network. 
5. Firewire is IEEE-1394. 


Section 12-10 Bus Interfacing 


1. Tri-state buffers allow devices to be completely disconnected from the bus when not in use, 
thus preventing interference with other devices. 


2. A bus interconnects all the devices in a system and makes communication between devices 
possible. 


RELATED PROBLEMS FOR EXAMPLES 
12-1 See Figure 12-94. 


Clock 

DOR 3. HIE 1*1 ih ee ee ee "Ul DP ÀMOX3A 4.4 

PCO ;17£21-2 4/11 LETHE ITER RATER CETL ETTAT LEER ERTS 
| 


and embedded! H r m r re e 


å FIGURE 12-94 


12-2 Bitrate = 40 kbps 
12-3 Efficiency = 0.828 (82.8%) 
12-4 Eight amplitudes and eight phases can be used to represent a 4-bit code. 


12-5 There would be more pulses closer together in both cases providing a more accurate represen- 
tation of the analog signal. 


12-6 Data rate = 8 Mbps; 256 pulse positions 
12-7 Six PCM code bits to represent 64 levels 
12-8 15.625 MHz 


TRUE/FALSE QUIZ 
1. F 2. T $T 4. T 5. E 6. T 7. F 8. T 9. T 
10. F 11. T 12. F 13. T 14. T 15. F 16. F HT. T 18. T 
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19, F 20. T 21. T 22. T 23. T 24. T 25. F 26. F 27. T 
28. F 29. F 30. F 3L T 32. T 33. F 34. F 35. T 36. T 
37. F 38. T 39. T 40. T 41. F 42. F 


SELF-TEST 
1. (c) 2. (b) 3. (a) 4. (b) 5. (d) 6. (b) 7. (a) 8. (d) 
9. (c) 10. (b) 11. (d) 12. (b) 13. (a) 14. (d) 15. (b) 16. (c) 
17. (a) 18. (c) 19. (a) 20. (c) 21. (b) 22. (d) 23. (d) 24. (d) 
25. (a) 26. (d) 27. (b) 28. (d) 29. (c) 30. (a) 31. (d) 32. (b) 


| Answers to Odd-Numbered Problems 


Chapter 1 


1. Digital can be transmitted and stored more efficiently and 


7. (a) 550 ns 


reliably. 


Clock 
Thermometer 
Speedometer 


(a) 11010001 


250 Hz 


. 5096 
. 8 us; l us 


(b) 600 ns 


(b) 000101010 


(c) 100,000 


(c) 2.7 us 


(b) 9000; 300; 50; 6 


(c) 7 
(h) (15) 


42.25 
92.65625 
127.96875 
6 bits 

7 bits 

8 bits 
10001 
111101 
10111010 
10101 
101000 
1001001 
100 

1110 
1000 
10101001 


001 
0001010 
11010101 


Chapter 2 
1l. (a) ! (b) 100 
3. (a) 400; 70; 1 
(c) 100,000; 20,000; 5000; 0; 0; 0 
5. (a) 3 (b) 4 
(f) 12 (g) 11 
^ (a) 51.75 (b) 
(d) 120.625 (e) 
(g) 90.625 (h) 
9, (a) 5 bits (b) 
(d) 7 bits (e) 
(g) 8 bits (h) 
11. (a) 1010 (b) 
(d) 110000 (e) 
(g) 1111101 (h) 
13. (a) 1111 (b) 
(d) 100010 (e) 
(g) 1000001 (h) 
15. (a) 100 (b) 
(d) 1101 (e) 
17. (a) 1001 (b) 
(d) 110110 (e) 
19. all Os or all Is 
21. (a) 010 (b) 
(d) 00101000 (e) 
23. (a) 00011101 (b) 
(c) 01100100 (d) 


11111011 


(d) 8 


(c) 
(f) 


(c) 
(f) 


(d) 10 V 


. DIP pins go through holes in a circuit board. SMT pins 
connect to surface pads. 


(e) 9 


65.875 
113.0625 


6 bits 
7 bits 


11000 
1011101 


11100 
111011 


1000 
11000 
100011 
10110110 


0101 
11110 


25. 


27. 
29. 


31. 


33. 


35, 


37. 


39. 


41. 
43. 


45. 


47. 


49. 


51. 


53. 


53. 


87. 
S8. 





(a) 00001100 (b) 10111100 

(c) 01100101 (d) 10000011 

(a) —102 (b) +116 (c) —64 

(a) 0 10001101 1111000010101 1000000000 

(b) 1 10001010 11000001 100000000000000 

(a) 00110000 (b) 00011101 

(c) 11101011 (d) 100111110 

(a) 11000101 (b) 11000000 

100111001010 

(a) 00111000 (b) 01011001 (c) 101000010100 
(d) 010111001000 (e) 0100000100000000 
(£ 1111101100010111 (g) 1000101010011101 
(a) 35 (b) 146 (c) 26 (d) 141 
(e) 243 (f) 235 (g) 1474 (h) 1792 
(a) 6016 (b) 10B;g (c) IBA;6 

(a) 10 (b) 23 (c) 46 (d) 52 (e) 67 
(f 367 (g) 115 (h) 532 (i) 4085 

(a) 001011 (b) 101111 (c) 001000001 
(d) 011010001 (e 101100000 

(f) 100110101011 (g) 001011010111001 

(h) 100101110000000 (i) 00100000001000101 1 
(a) 00010000 (b) 00010011 

(c) 00011000 (d) 00100001 

(e) 00100101 (f) 00110110 

(g) 01000100 (h) 01010111 

(i) 01101001 (j) 10011000 

(k) 000100100101 (D 000101010110 

(a) 000100000100 (b) 000100101000 

(c) 000100110010 (d) 000101010000 

(e) 000110000110 (f) 001000010000 


(g) 001101011001 
(i) 0001000001010001 


(h) 010101000111 


(a 80 (b) 237 (c 346 (d) 421 (e) 754 
(f) 800 (g) 978 (h) 1683 (i) 9018 (j) 6667 
(a) 00010100 (b) 00010010 
(c) 00010111 (d) 00010110 


(e) 01010010 (f) 000100001001 
(g) 000110010101 (h) 0001001001101001 


The Gray code makes only one bit change at a time when 
going from one number in the sequence to the next. 


(a) 1100 (b) 00011 (c) 10000011110 


(b) is incorrect. 





60. (a) 110100100 (b) 000001001 
62. In each case, you get the other number. 
64. The remainder is 0100, indicating an error. 


Chapter 3 
1. See Figure P-1. 


Exe dM RIPE 
^ LOW 


I TE i l L4 4] 
1 | a4 i I pea 
| É ti I I L £ 9 Jj 
HIGH ' LU ' ' ' LU 1 t ' U 
"iow LI d Lo pppt]o 
A FIGURE P-1 


3. See Figure P-2. 


" L l SF l I E AT 

" l | E 1 I l TL. b 

» I I tt l l E Saos d 

x I L Im I L I; ES Jd Lg 

$ l l & J | l P. 1 ] d 
4 FIGURE P-2 


5. See Figure P-3. 


A FIGURE P-3 


7. See Figure P-4. 


A FIGURE P-4 
9. See Figure P-5. 


À FIGURE P—5 


(c) 111111110 
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11. See Figure P-6. 


Output X |[ 1| 1| 1| LL 
À FIGURE P-6 
13. See Figure P-7. 


å FIGURE P-7 
15. See Figure P-8. 


v. m w 


4 FIGURE P-8 


17. See Figure P-9. 


å FIGURE P-9 


19. See Figure P-10. 


i ) 

l I 

1 l 

X | | 
à FIGURE P-10 


21. See Figure P-11. 


À FIGURE P-11 
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23. See Figure P-12. 


A FIGURE P-12 
25. XOR = AB + AB;OR=A+B 


27. See Figure P-13. 7. 


Chapter 4 
3. X=A+BH+C 
. (a) AB=1whenA=1,B=1 


X=A+B+C+D 


(b ABC = 1whenA=1,B=0,C=1 

(c) A+ B=OwhenA = 0,B =0 

(d A+ B+C=OwhenA = 1,B =0,C=1 
(e) A+B+C=O0whenA = 1,B=1,C =0 
(f) A+ B=OwhenA = 1,B=0 

(g) ABC = 1 when A = 1,B = 0,C =0 

(a) Commutative 

(b) Commutative 

(c) Distributive 


rr a ea eee Tr ee eee Ee ae ae eS 

diii ? œ AB O A+B 
HAHHA I eHh i re (c) ABC (d A+B+C 

B Peete Rae LINT S Gub uM? N11 (e) A + BC (D A+B+C+D 
TER EL OLILULL MPORPEnnraae EU EM LL = ih. 
EEEL PIPETA HIA CU (g) (A + BXC + D) (h) AB + CD 


å FIGURE P-13 
13. 
29. CMOS 
31. tp = 4.3 ns; tpy, = 10.5 ns 15. 
33. 20 mW 
» FIGURE P-14 
A 
X 
B 
(a) X 2 AB + AB 


kex] 
>< 


D 


(c) X 2 AB(C +D) 


17. (a) See Table P-1. 
Y TABLE P-1 





i 





= m = O O ool 





— = OOK CO CO 
= Of O- OK © 





. (a) (A - B * CKE +F + GUA * 1 * JXK * L * M) 


(b) ABC + BC 


(b X=AB+C 
(d) X — (A + B)C 


(a) X = ABCD 
(c) X = AB 
See Figure P-14. 


C 


(b) X 2 AB + AB + ABC 


A 


B 


C 


D 


(d) X=A +B[C + D(B * C)] 


(b) See Table P-2. 


Y TABLE P-2 
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19. (a) A (b) AB (e) C 33. (a) See Table P-5. 
(d) A (e) AC + BC 

21. (a) BD + BE + DF (b) ABC + ABD Y TABLE P-5 
(c) B (d) AB + CD 
(e ABC 








23. (a) AB +AC + BC (b) AC + BC 
() AB * AC  , 
25. (a) Domain: A, B, C 
Standard SOP: ABC + ABC + ABC + ABC 
(b) Domain: A, B, C 
Standard SOP: ABC + ABC + ABC 
(c) Domain: A, B, C 
Standard SOP: ABC + ABC + ABC 
27. (a) 101 + 100 + 111 + O11 
(b) 111 + 101 + 001 
(c) 111 + 110 + 101 
29. (a) (A t B * CYA * B * CYA * B * CYA * B * C) 
(b) (A+ B+ CXA +B * CXA * B * C) 
(A+B+C)+(A+B+C) 
(c) (A + B + CXA +B + CXA +B + C) 
(A+B+CXA+B+C) 
31. (a) See Table P-3. 


— p S| = CO CO OC OO 
-—-oo--ool|tm 





= O = Oe Oo m= © 
oer KS OF KS Oe 


33. (b) See Table P-6. 


Y TABLE P-6 











Y TABLE P-3 
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31. (b) See Table P-4. 35. (a) See Table P-7. 


Y TABLE P-4 YTABLE P-7 
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35. (b) See Table P-8. 51. (A * B * D(A * C * D(A * B * C) 
(B+C+D)\(A+B+C+D) 


53. Minterms: 1, 3, 5, 6, 7 
55. See Table P-9. 


Y TABLE P-8 





Y TABLE P-9 








57. See Table P-10. 


Y TABLE P-10 


-e-cec2-22ococococ] 
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37. See Figure P-15. rnm mı) 000x 


0 1 
we | cor 
[oo [on 

100 | 101 


(m;, ms) 0x01 (mı, ms, Mg) xx01 
(m, mo) x001 





> FIGURE P-15 00 
59. X = CD + ABC + ABCD + ABCD 







Chapter 5 
1. See Figure P-17. 







39. See Figure P-16. 


0 1 
» FIGURE P-16 00 
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>< 
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4 FIGURE P-17 






10 





3. (a) X — ABB (b X=AB+B 
41. (a) No simplification (b) AC (c) X=A+B (d) X = (A + B) + AB 
(c) DF EF | (e) X = ABC ( X=(A+ BYB ^ C) 
43. (a) AB - AC 5. (a) 5. (b) 
(b A*BC - E F » Y 
(c) BCD + ACD + BCD + ACD ^ " à 
(d) AB CD 0 l 0 
45. B+C l 0 0 
1 l l 


47. ABCD + CD + BC + AD 
49. (a) No reduction 
(b) (W + XXW + ZXX + YXW +X+Y+Z) 
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5. (c) 5. (d) 15. X = AB 
17. (a) No simplification 
(b) No simplification 






(c) X=A 
(d X=A+B+C+EF+G 
(e) X = ABC 
(f) X = BCDE + ABEFG + BCEFG 
5. (e) 19. (a) X = AC + AD + BC + BD 
(b) X = ACD + BCD 
A B C|X A B cy; xX (c) X — ABD + CD + E 
0 0 0 I 0 0 0 0 (d X=A+B+D 
0 0 l l 0 0 | 0 = = 
= + CD + 
dimit- $i].1 & rt 61 8 ul I oc ecd, DRE ae A 
0 1 1 0 0 1 1 1 ( X — AC * AD «t BC «* BD t EG t EH t FG t FH 
1 0 0 1 1 0 0 1 21. See Figure P-20. 
1 0 l l l 0 l l 23. See Figure P-21. 
1 1 0 1 1 l 0 0 25. See Figure P-22 
a oe 2 Lr xy bla DN 
27. See Figure P-23. 
h E " 29. X = A + B; see Figure P-24. 
7. X = AB + AB = (A + BYA + B). 31. X — ABC see Figure P-25. 
9. ABCD + EFGH 33. The output pulse width is greater than the specified 


11. See Figure P-18. minimum. 
13. See Figure P-19. 


A 
A 
B A X 
X r 
C (b) X = A(B +0) 


(a) X = AB + BC 

A 
A B 
B C X 

E 

X F 
G 
B 

(c) X 2 AB + AB 
A 
e 
- B 
D C X 


A 


(e) X = A[BC(A + B + C + D)] 





(f) X = B(CDE + EFG) (AB + C) 


4 FIGURE P-18 


X =AB+C C 


4 FIGURE P-19 å FIGURE P-20 
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A 
B 
C 
X 
A FIGURE P-21 
* A 
X 
" 
A A 
C C C 
(a) X = ABC (b) X - ABC (c)X=A+B (d)X=A+B+C 
A 
A 
B 
E 
D 
(e) X = AB + CD D 
(f) X =(A + BXC + D) 
A 
B 
D 
E C 
E 
A X 
B 
C B 
(g) X = AB[C(DE + AB) + BCE) 
& FIGURE P-22 
A 
A A A 
B B A X 
5 X A X B 
C C 
(a) (b) (c) 
A 
B 
E 
$ 
G 
A B 
B C 
c D X 
B E 
E A B 
B C E 
= F 
G G 


~ 
e 
M 


(e) 


S 


4 FIGURE P-23 


A FIGURE P-24 å FIGURE P—25 
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Chapter 6 


1. (a) A ®B =0, = = 1,(A@ B)C,, = 0, AB = 1, Com = 1 
(b A@B=1, > =0,(A@ B)C,, = 1, AB = 0, Coy = 1 
(c) A@B=1, 2 =1,(A@ B)C,, = 0, AB = 0, Co, = 0 


3. (a) 2 = 1, Com = 9; 
(b 2 = 1, Con = 05, 
() 2 = 0,Con = 1; 
(d 2 = 1,Con = 1 

5. 11100 

7. 23222120 = 1101 


9. X, = 0110; ; = 1011; X4 = 0110; X4 = 0001; E; = 1000 


11. 225 ns 


Y FIGURE P-27 


(a) 


(MSB) 


» FIGURE P—28 


13. 


15. 


A = Bis HIGH when Ag = Bọ and A, = B; 
see Figure P—26. 


4 FIGURE P-26 


(a) A>B=1;,A}A=B=0A<B=0 
(D A< B=1;A=B=0;A>B=0 
(c) A=B=1;A<B=0;A>B=0 


. See Figure P-27. 


19. X — A3A5A 1ÀQ + As3A5A,AQ 2d A3A5A, 
21. See Figure P-28. 
23. A;3A;A4Ao = 1011, invalid BCD 
(MSB) (MSB) 
l (MSB) ] 
l | 
0 | l i 
0 l 0 l 
0 
1 SB) R 
, ge (LSB) 
(LSB) 
(b) (c) (d) 
(MSB) 
0 (MSB) 
l 
l 
(MSB) 0 l 
| 0 l 
l 0 : 
l l l 
0 0 " 
(LSB) i (LSB) 
(LSB) 
(f) (g) (h) 
ous ees, exerc di 


Answers to Odd-Numbered Problems 


33. See Figure P-32. 


25. (a) 2 — 0010 — 0010; 





(b) 8 = 1000 = 1000, 


(c) 13 — 00010011 — 1101; 


(d) 26 — 00100110 — 11010; 


(e) 33 = 00110011 = 100001, 


27. (a) 1010000000 Gray — 1100000000 binary 


(b) 0011001100 Gray — 0010001000 binary 


(c) 1111000111 Gray — 1010000101 binary 


(d) 0000000001 Gray — 0000000001 binary 


See Figure P-29. 
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4 FIGURE P-29 


A FIGURE P-32 


29. See Figure P-30. 


el 
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4 FIGURE P-30 


4 FIGURE P—33 


31. See Figure P-31. 


3. See Figure P-34. 


À FIGURE P-34 


5. See Figure P—35. 


À FIGURE P—35 


7. See Figure P-36. 


4 FIGURE P-31 


4 FIGURE P-36 
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9. See Figure P—37. 


å FIGURE P-37 


11. See Figure P-38. 





å FIGURE P-39 
: P-40. 


4 FIGURE P—40 


17. See Figure P-41. 


4 FIGURE P-41 


19. Direct current and dc supply voltage 
21. 14.9 MHz 


23. 


150 mA, 750 mW 


25. divide-by-2; see Figure P-42. 


29. 


31 


C 
1 


å FIGURE P-42 


. 4.62 us 
C; = 1 pF, R, = 227 KQ (use 220 KQ). See Figure P-43. 


45V 
9 


à FIGURE P-43 


. Ri =18 kQ, R; —9.1 KQ. 


hapter 8 
. Shift registers store binary data. 


3. Shift data and store data. 
5. See Figure P-44. 


4 FIGURE P-44 
7. Initially: 101001111000 
CLK1: 010100111100 
CLK2: 001010011110 
CLK3: 000101001111 
CLK4: 000010100111 
CLKS: 100001010011 
CLK6: 110000101001 
CLK7: 111000010100 
CLK8: 011100001010 
CLK9: 001110000101 
CLK10: 000111000010 
CLK11: 100011100001 
CLK12: 110001110000 


Answers to Odd-Numbered Problems Exe 


9, See Figure P-45. 


12-94 3 6 7. 8$ 9 10 11 12 13 14 15 16 17 BY 20 


i I | I 
Data in | | | 


Data out | | | | | | 


& FIGURE P-45 
11. See Figure P-46. e l 2 3- 43> 6 7 3  S- it 12-13 HM 59 36 17 8 19.20 
13. See Figure P—47. | | | 
Data in | E MEAE T | ! l | LT 1 


l | | | 
15. See Figure P-48. | | 3e et | | | | 
| | l | | 
17. See Figure P-49. Qo LEET ET T ede 
| | | I | | | | | | | | | | | | | 
19. See Figure P-50. U beh] he heel 5E a | bi 
Ble Maria VES OS gg oe ag mL 
| | 
l | 


CLKI: 10011000 left | 


ci LM IM qe dl L 
CLK2: 01001100 right 
CLK3: 00100110 right A FIGURE P—46 
CLK4: 00010011 right 
CLES: 00100110 left 


CLK6: 01001100 left ax Lp Lyi U ey lf ly L 
CLK7: 00100110 right A Ae a te BS 
CLK8: 01001100 left | s d gebe mL. p aaa 
CLK9: 00100110 right 1o CENE | L d 


CLK10: 01001100 left | P 


CLKII: 10011000 left 2o SLANE ea EH s CS ee 


| 
23. See Figure P—51. Qı OS SERRE g LEETE 
25. (a) 3 (b) 5 Q, je 

(c) 7 (d) 8 Q; through Q; remain LOW. 
27. See Figure P-52. 
29. See Figure P-53. 


31. An incorrect code may be produced. 


À FIGURE P-47 
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CLK INH i 
SHILD a Se ee ee Eg ae ee ee 

i A E A B E E V, ^ 
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h e E og QM CPC. X1 
4 FIGURE P-48 ee COT NEN PENES uices ae ap E LR 
ee PCT SENS (Perel LC ee re dud (4| 
CLK l 2 3 4 5 6 7 8L.I9L FOL J11 12) 13h 11 nuo va a Or ee Cane ari a ee E E 

2 = oe oo s 
_ | | agai Dahabi] fot [| @ | FMPS qe cde ek OO 
SUE ize [5.1. EL. SICQUE go iuo d 1 1| Ei sal (| I 
Midday eck dé aded E Ho et I1. 
SER MEE i € 3 LE Se ib ol mae ce due aa) Se 
eg "^ gt ee i m UN g i 11 
ASBEONITCTCTANEN «1-11. 58- 
peas | F^ TL" id m rr^ 
Lr 3 “URS SES osos a nomm ERE RR ee 
L3 ge eg P UMANE uo Rl QR MAC: 


å FIGURE P—-49 4 FIGURE P-50 


Digital Fundamentals, Eleventh Edition 








I 
I 
i 
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74HC195 74HC195 74HC195 
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Chapter 9 
1. See Figure P-54. 


Clock 


Modulus 10 counter 





À FIGURE P—54 


3. See Figure P—55. 9. Initially, each flip-flop is reset. 
At CLKI: 


cu AU EHU LEEHGIHU L. Jo = Ko = 1 Therefore Qo goes to a 1. 
i EEFT Jı = K, = 0 Therefore Q, remains a 0. 
Jı = Kz = 0 Therefore Q, remains a 0. 

Q, uo pem T - J; = K4 = 0 Therefore Q, remains a 0. 


At CLK2: 
4 FIGURE P-55 Jo = Ko = 1 Therefore Qo goes to a 0. 
5. Worst-case delay is 24 ns; it occurs when all flip-flops Jı = Kı = 1 Therefore Q; goes to a 1. 
change state from 011 to 100 or from 111 to 000. Jy = Kz = 0 Therefore Q, remains a 0. 


7. 8ns J, = K, = 0 Therefore Q4 remains a 0. 


Answers to Odd-Numbered Problems 


15. See Figure P—58. 


Fee foes Se cdi o odere EE ee ee a a AN 4 
o 3 
--4+--4-4---L,--}--4-- -L---4-d----HF--t--d-- E E 
duds m ec E 
‘i: Ae c- A [| ee Eel Wook «s eu 
d EL s I aciei aede P MERE. GNE CENE eee: ee! NUS TN oS 
Sg 
Lam: amd lade Wiens) meCNDM MENU E ee aches tee eee oad ie a de oS 
~ [7 
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fi ast Se) EE Ly ee Se See OS S ee Ser Fave Paco ee M Z2 o 
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23. See Figure P-61. 


25. See Figure P—62 for divide-by-10,000. Add one more DIV 


10 counter to create a divide-by- 100,000. 





å FIGURE P—60 


At CLK3: 


Jo = Ko = 1 Therefore Qo goes to a 1. 


Jı = K, = 0 Therefore Q; remains a 1. 


Jn = K» 


J3 
A continuation of this procedure for the next seven clock 


0 Therefore Q, remains a 0. 


K3 = 0 Therefore Q4 remains a 0. 
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1 kHz 
CTEN TC 
CTR DIV10 
>c 
27. See Figure P—63. 
Qo Qo Qo Qo 
Qi Qi Qi Qi 
Qo 
Q; Q; Q2 Qi Q: 
Q» 
Qi Q4 Qi Qi Q; 
(MSB) (MSB) (MSB) (MSB (MSB) 


(a) (b) (c) (d) (e) 









4 FIGURE P-63 
29. CLK2, output 0; CLK4, outputs 2, 0; CLK6, output 4; CLK8, 5. 
outputs 6, 4, 0; CLK10, output 8; CLK12, outputs 10, 8; gat ORE Sos RSET A ONS isi 
CLK14, output 12; CLK16, outputs 14, 12, 8 ie Be Brena for rus dudo 
. Row 0 1 0 0 0 
31. A glitch of the AND gate output occurs on the 111 to 000 
transition. Eliminate by ANDing CLK with counter outputs Row 1 0 0 0 0 
(strobe) or use Gray code. Row 2 0 0 l 0 
Row 3 0 0 0 0 
33. Hours tens: 0001 Z 
Hours units: 0010 7. 512 row X 128 8-bit columns 
Minutes tens: 0000 9. ASRAM stores bits in flip-flops indefinitely as long as 
Minutes units: 0001 power is applied. A DRAM stores bits in capacitors that must 


be refreshed periodically to retain the data. 
11. See Table P-11. 


Seconds tens: 0000 
Seconds units: 0010 
35. 68 


Y TABLE P-11 


Chapter 10 


1. (a) ROM (b) RAM 


3. Address bus provides for transfer of address code to memory 
for accessing any memory location in any order for a read 
or write operation. Data bus provides for transfer of data 
between the microprocessor and the memory or I/O. 
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13. See Figure P-64. 20. lowest address: FCO0,;6 

highest address: FFF, 

22. A hard disk is formatted into tracks and sectors. Each track is 
divided into a number of sectors with each sector of a track 


having a physical address. Hard disks typically have from a 
few hundred to a few thousand tracks. 


24. Magnetic tape has a longer access time than disk because 
data must be accessed sequentially rather than randomly. 


26. Blu-ray uses a blue laser and DVD uses a red laser. A Blu-ray 
disc has a higher definition and storage density than a DVD. 





Chapter 11 


1. See Figure P-65. 
$.1,1L1,L1,90,1L,1L 1 H 


16. Use eight 16k X 4 DRAMs with sixteen address lines. Two of 5. See Figure P-66. 
the address lines are decoded to enable the selected memory 7. 200 
chips. Four data lines go to each chip. 9. 214 


18. 8 bits, 64k words; 4 bits, 256k words 11. 001, 010, 011, 101, 110, 111, 111, 111, 111, 110, 101, 101, 
110, 110, 110, 101, 100, 011, 010, 001 





4 FIGURE P—64 
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13. 11, 11, 11 
15. See Figure P-67. 









(b) Output if 0111 code is missing 
Ar i 


| | i d 
| Liobd Ll EL LA I. 
PH hie e i A Ge 
Eb Ll. ET 4 dodo Ed dc 







is Coeds 





oo000 Wet et L1 LL LL LÀ j 
å FIGURE P—67 
4 FIGURE P—69 
17. See Figure P-68. 
Chapter 12 


1. A coaxial cable consists of an outer jacket, metallic shield, 
dielectric, and center conductor. 





3. Advantages of fiber optics over electrical transmission media 
are faster data rates, higher signal capacity (more signals at a 
time), transmission over longer distances, and not susceptible 
to EMI. 


5. In multimode, the light entering the optical fiber will tend to 
propagate through the core in multiple rays (modes), basi- 
cally due to varying angles as each light ray moves along. 

7. See Figure P-70. 


9. Visible light is in the frequency range 4 X 10!^ Hz to 
7.5 x 10'* Hz. Figure 13-10 in the textbook shows the 

















4 FIGURE P—68 range in units of wavelength (nm). 
11. 8 Mbps 
19. (a) 14.3% (b) 0.098% 13. 5 Mbaud 
(c) 0.00038% 


15. See Figure P-71. 
17. 001110011 
19. 11010111110001000001 


21. See Figure P-69. 
23. An analog-to-digital converter converts an analog signal to a 


iir 21. See Fi P-72 
25. A digital-to-analog converter changes a digital code to the : F? e 
corresponding analog signal. 23. See Figure P-73. 





á FIGURE P-71 
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25. 


27. 
29. 
31. 


33. 


35. 


37. 
39. 


41. 
43. 


45. 


47. 


0111 (157.5?) "Se CN 


1000 (180?) 
80* 


101 15) @ i” 





à FIGURE P-72 


In the PWM intersective method, the sawtooth intersects 
the sinusoidal modulating signal twice during each cycle. 
The sawtooth is either increasing above the sine wave or 
decreasing below the sine wave. When the sawtooth is 
increasing above the sine wave, a low level is generated, 
and when it is decreasing below the sine wave, a high level 
is generated. The resulting output is a series of pulses with 
widths proportional to the amplitude of the sine wave. 


Data rate — 300 bps 
Four bits 


Bit interleaved: A single data bit from a source is transmitted 
on the channel, followed by a data bit from another source, 
and so on. 


Byte interleaved: A byte of data from a source is transmitted 
on the channel, followed by a byte from another source, and 
so on. 


In FDM, band-pass filters are used on the receiving end to 
separate the transmitted signals. 

Physical characteristics of a bus: Number of conductors, 
length, configuration (serial or parallel), type of connector, 
number of connector pins, pin configuration. 
Electrical/performance characteristics of a bus: Signal 
format, signal voltage, clock frequency, transfer speed, 
bandwidth, data frame format, handshaking protocol, error 
detection, impedances. 

200 MBps and 191 MBps 


A differential bus provides much higher data rates and longer 
transmission distances than does a single-ended bus. 


The PCI-Express bus does not use a shared bus as PCI and 
PCI-X do. 


The terms talker and listener are associated with the IEE-488 
bus (GPIB). 


Three data bytes are transferred because the NDAC line goes 
HIGH three times, each time indicating that a data byte is 
accepted. 


(a) SCSI 
(b) USB 
(c) Super speed USB (V 3.0) 


Us 
0110 (135°) Q ` 


101013590 


1011 (-112.5?) 


49. 


51. 
53. 


55. 


57. 


59, 


(Source) 


NRFD | | 





90° 








0101 (112.5°) 
(m 9?! (67.5?) 


/ 0010 (45°) 


, + 


Nod _Q 0001 (22.5°) 


0000 (0°) 


SOS 91102» 


N 1110 (-45*) 
1101 (-67.5°) 
1100 (-90°) 


~90° 


4 FIGURE P-73 


Sync Field: All packets start with a sync (synchronization) 
field. The sync field consists of 8 bits for low and full speed 
or 32 bits for high speed and is used to synchronize the 
receiver clock with that of the transmitter. 


PID Field: The packet identification field is used to identify 
the type of packet that is being transmitted. There are 4 bits 
in the PID; however, to ensure it is received correctly, the 

4 bits are complemented and repeated, making an 8-bit PID 
code. 


Data Field: Contains up to 1024 bytes of data. 

CRC Field: Cyclic Redundancy Checks are performed on the 
data within the packet using from 5 bits to 16 bits, depending 
on the type of packet. 

EOP Field: This field signals the end of a packet. 

1024 bytes 

RS-232 uses single-ended transmission. RS-422 uses dif- 
ferential transmission. 

C is an internal serial bus primarily for connecting ICs on a 
PC board. 


Other possible units on an automotive CAN system include 
wiper control unit, parking control unit, entertainment system 
unit, tire pressure monitor, seat position unit, heads-up 
display unit. 


See Figure P-74. 
Data are valid 
DAV 
(Source) 


Data Bere LIT 


Ready for data 


(Receiver) Data accepted 
we S L. 
(Receiver) 


4 FIGURE P-74 
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61. See Figure P-75. 17. (a) HIGH (b) Floating 
2 TT]? i 2 [1 2 I] 2 i C) MGH (d) High-Z 
"13 TE Amy | 19. (a) LOW (b) LOW 
Aea ae e- 
2 med 1.1 LIT jJ a= i 21. See Figure P-77. 
——À— O M———— — eee ee ee ee 
nRL LI. X Li. labo li. 2 0 O 
D, E if kh. 3$ d Pte i (b) R, = 198 Q 
p, mou!!! ' 3d. J co 3 | (c) R, = 198 Q 
| -— ————— — — EAEE EE V SR E E ne 
| | | I | I | | | | 25. ALVC 
Ds a Ld uh dé Pe 27. (a) A, B to X: 9.9 ns 
Modes auo E ERES ME CR CILE CREE MES IET ARR: GO C, D to X: 6.6 ns 
ETTEI Pee pU (b) A to Xj, X, Xs: 14 ns 
B to X: 7 ns 
à FIGURE P-75 C to X5: 7 ns 
D to X3: 7 ns 
Chapter 13° (c) Ato X: 11.1 ns 
(Chapter 13 is on the website.) B to X: 11.1 ns 
3. 0.15 V in HIGH state; 0.25 V in LOW state. mentees 
5. Gate C 29. ECL operates with nonsaturated BJTs. 
7. 12ns +V 
9. Gate C +V R, 
11. Yes, G, 
13. (a) on (b) off A + 
(c) off (d) on +V 
15. See Figure P-76 for one possible circuit. M B : 
Lo R, * 
74HC125 (Tri-state) ed 
` C 
D, R, 
X 
G, 
4 X B D 
D; +V 
2 : 
G3 
D H Les Í 
G5 
D ri D / 
4 
G (a) (b) (c) 
å FIGURE P-76 & FIGURE P-77 


(D Chatper 134595 X IG) 4 Ek? 15 “Integrated Circuit Techonologies” . 


acceptor A receiving device on a bus. 


access time The time from the application of a valid memory 
address to the appearance of valid output data. 


addend In addition, the number that is added to another number 
called the augend. 


adder A logic circuit used to add two binary numbers. 


address The location of a given storage cell or group of cells in a 
memory; a unique memory location containing one byte. 


address bus A one-way group of conductors from the 
microprocessor to a memory, or other external device, on 
which the address code is sent. 


adjacency Characteristic of cells in a Karnaugh map in which 
there is a single-variable change from one cell to another cell 
next to it on any of its four sides. 


aliasing The effect created when a signal is sampled at less 
than twice the signal frequency. Aliasing creates unwanted 
frequencies that interfere with the signal frequency. 


alphanumeric Consisting of numerals, letters, and other 
characters. 


ALU Arithmetic logic unit; the key processing element of a 
microprocessor that performs arithmetic and logic operations. 


amplitude In a pulse waveform, the height or maximum value of 
the pulse as measured from its low level. 


analog Being continuous or having continuous values, as 
opposed to having a set of discrete values. 


analog-to-digital (A/D) conversion The process of converting an 
analog signal to digital form. 


analog-to-digital converter (ADC) A device used to convert an 
analog signal to a sequence of digital codes. 


AND A basic logic operation in which a true (HIGH) output 
occurs only when all the input conditions are true (HIGH). 


AND array An array of AND gates consisting of a matrix of 
programmable interconnections. 


AND gate A logic gate that produces a HIGH output only when 
all of the inputs are HIGH. 


ANSI American National Standards Institute. 


antifuse A type of PLD nonvolatile programmable link that 
can be left open or can be shorted once as directed by the 
program. 


architecture The VHDL unit that describes the internal operation 
of a logic function; the internal functional arrangement 
of the elements that give a device its particular operating 
characteristics. 


array In a PLD, a matrix formed by rows of product-term lines 
and columns of input lines with a programmable cell at each 
junction. In VHDL, an array is an ordered set of individual 
items called elements with a single identifier name. 





ASCII American Standard Code for Information Interchange; the 
most widely used alphanumeric code. 


ASK Amplitude shift keying; a form of modulation in which a 
digital signal modulates the amplitude of a higher frequency 
sine wave. 


assembler A program that converts English-like mnemonics into 
machine code. 


assembly language A programming language that uses English- 
like words and has a one-to-one correspondence to machine 
language. 


associative law For addition (ORing) and multiplication 
(ANDing) of three or more variables, the order in which the 
variables are grouped makes no difference. 


astable Having no stable state. An astable multivibrator oscillates 
between two quasi-stable states. 


asynchronous Having no fixed time relationship; not occurring 
at the same time. 


asynchronous counter A type of counter in which each stage is 
clocked from the output of the preceding stage. 


augend In addition, the number to which the addend is added. 


bandwidth The frequency at which a sinusoidal input signal is 
attenuated to 70.7 percent of its original amplitude. 


bank A section of memory within a single memory array (chip). 
base One of the three regions in a bipolar junction transistor. 
base address The beginning address of a segment of memory. 
baud The number of symbols per second in a data transmission. 


BCD Binary coded decimal; a digital code in which each of the 
decimal digits, 0 through 9, is represented by a group of four bits. 


BEDO DRAM Burst extended data output dynamic random- 
access memory. 


BiCMOS A family of logic circuits that combines CMOS and 
bipolar logic. 


bidirectional Having two directions. In a bidirectional shift 
register, the stored data can be shifted right or left. 


binary Having two values or states; describes a number system 
that has a base of two and utilizes 1 and 0 as its digits. 


BIOS Basic input/output system; a set of programs in ROM that 
interfaces the I/O devices in a computer system. 


bipolar A class of integrated logic circuits implemented with 
bipolar transistors; also known as TTL. 


bistable Having two stable states. Flip-flops and latches are 
bistable multivibrators. 


bit A binary digit, which can be either a | or 0. 


bit rate The number of bits per second in a data transmission. 
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bitstream A series of bits describing a final design that is sent to 
the target device during programming. 

bit time The interval of time occupied by a single bit in a 
sequence of bits; the period of the clock. 

BJT Bipolar junction transistor; a semiconductor device used for 
switching or amplification. A BJT has two junctions, the base- 
emitter junction and the base-collector junction. 


Blue-ray A disc storage technology that uses a blue laser to 
achieve more density and definition than a DVD. 


Boolean addition In Boolean algebra, the OR operation. 
Boolean algebra The mathematics of logic circuits. 


Boolean expression A formulation of variables and operators 
used to express the operation of a logic circuit. 


Boolean multiplication In Boolean algebra, the AND operation. 


boundary scan A method for internally testing a PLD based on 
the JTAG standard (IEEE Std. 1149.1). 


break point A flag placed within a program source code to stop a 
program for investigation. 


buffer A circuit that prevents loading of an input or output. 


bus A set of connections and specifications for the transfer of 
data among two or more devices. 


bus arbitration The process that prevents two sources from 
using a bus at the same time. 


bus contention An adverse condition that could occur if two or 
more devices try to communicate at the same time on a bus. 


bus master Any device that can control and manage the system 
buses in a computer system. 


bus protocol A set of rules that allow two or more devices to 
communicate through a bus. 


byte A group of eight bits. 


cache memory A relatively small, high-speed memory that stores 
the most recently used instructions or data from the larger but 
slower main memory. 


caching The process of copying frequently accessed program 
instructions from main memory into faster memory to increase 
processing speed. 

capacity The total number of data units (bits, nibbles, bytes, 
words) that a memory can store. 


carry The digit generated when the sum of two binary digits 
exceeds 1. 


carry generation The process of producing an output carry in a 
full-adder when both input bits are 1s. i 


carry propagation The process of rippling an input carry to 
become the output carry in a full-adder when either or both of 
the input bits are 1s and the input carry is a 1. 


cascade To connect “end-to-end” as when several counters are 
connected from the terminal count output of one counter to the 
enable input of the next counter. 


cascading Connecting two or more similar devices in a manner 
that expands the capability of one device. 


CCD Charge-coupled device; a type of semiconductor memory 
that stores data in the form of charge packets and is serially 
accessed. 


CD-R CD-Recordable; an optical disk storage device on which 
data can be stored once. 


CD-ROM An optical disk storage device on which data are 
prestored and can only be read. 


CD-RW CD-Rewritable; an optical disk storage on which data 
can be written and overwritten many times. 


cell An area on a Karnaugh map that represents a unique 
combination of variables in product form; a single storage element 
in a memory; a fused cross point of a row and column in a PLD. 


character A symbol, letter, or numeral. 


circuit An arrangement of electrical and/or electronic 
components interconnected in such a way as to perform a 
specified function. 


CLB Configurable logic block; a unit of logic in an FPGA that 
is made up of multiple smaller logic modules and a local 
programmable interconntect that is used to connect logic 
modules within the CLB. 


clear An asynchronous input used to reset a flip-flop (make the Q 
output 0); to place a register or counter in the state in which it 
contains all Os. 

clock The basic timing signal in a digital system; a periodic 
waveform used to synchronize operation. 

cloud storage A remote network of servers that is connected to a 
user device through the Internet. 


CMOS Complementary metal oxide semiconductor; a class of 
integrated logic circuits that is implemented with a type of 
field-effect transistor. 


coaxial cable A type of data transmission media in which a 
shielded conductor is used to minimize EMI. 


code A set of bits arranged in a unique pattern and used to 
represent such information as numbers, letters, and other 
symbols; in VHDL, program statements. 


codec A combined coder and decoder. 
collector One of the three regions in a bipolar transistor. 


combinational logic A combination of logic gates interconnected 
to produce a specified Boolean function with no storage or 
memory capability; sometimes called combinatorial logic. 


commutative law In addition (ORing) and multiplication 
(ANDing) of two variables, the order in which the variables 
are ORed or ANDed makes no difference. 


comparator A digital circuit that compares the magnitudes 
of two quantities and produces an output indicating the 
relationship of the quantities. 


compiler An application program in development software 
packages that controls the design flow process and translates 
source code into object code in a format that can be logically 
tested or downloaded to a target device. 


complement The inverse or opposite of a number; in Boolean 
algebra, the inverse function, expressed with a bar over the 
variable. The complement of a 1 is a 0, and vice versa. 


component A VHDL feature that can be used to predefine the logic 
function for multiple use throughout a program or programs. 


contiguous Joined together. 


control bus A set of conductive paths that connects the CPU to 
other parts of the computer to coordinate its operations and to 
communicate with external devices. 


controller An instrument that can specify each of the other 
instruments on the bus as either a talker or a listener for the 
purpose of data transfer. 
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control unit The portion within the microprocessor that provides 
the timing and control signals for getting data into and out of 
the microprocessor and for synchronizing the execution of 
instructions. 


counter A digital circuit capable of counting electronic events, 
such as pulses, by progressing through a sequence of binary 
states. 

CPLD A complex programmable logic device that consists 
basically of multiple SPLD arrays with programmable 
interconnections. 


CPU Central processing unit; the main part of a computer 
responsible for control and processing of data; the core of a 
DSP that processes the program instructions. 


cross-assembler A program that translates an assembly language 
program for one type of microprocessor to an assembly 
language for another type of microprocessor. 


crosstalk The presence of an unwanted signal via an accidental 
coupling. 

current sinking The action of a circuit in which it accepts 
current into its output from a load. 


current sourcing The action of a circuit in which it sends current 
out of its output and into a load. 


cyclic redundancy check (CRC) A type of error detection code. 


data Information in numeric, alphabetic, or other form. 


data bus A bidirectional set of conductive paths on which data 
or instruction codes are transferred into a microprocessor 
or on which the result of an operation is sent out from the 
microprocessor. 


data center A facility that houses a cloud storage system. 


data selector A circuit that selects data from several inputs one at 
a time in a sequence and places them on the output; also called 
a multiplexer. 


data sheet A document that specifies parameter values and 
operating conditions for an integrated circuit or other 
device. 


DCE Data communications equipment. 
DDR Double data rate. 


DDR SDRAM Double data rate, synchronous dynamic random- 
access memory. 


decade Characterized by ten states or values. 
decade counter A digital counter having ten states. 
decimal Describes a number system with a base of ten. 


decode The process of interpreting coded information; changing 
data in a coded form into a more common form; a stage of the 
DSP pipeline operation in which instructions are assigned to 
functional units and are decoded. 


decoder A digital circuit (device) that converts coded information 
into another (familiar) or noncoded form. 


decrement To decrease the binary state of a counter by one. 


delta modulation A method of analog-to-digital conversion 
using a 1-bit quantization process. 

design flow The process or sequence of operations carried out to 
program a target device. 


D flip-flop A type of bistable multivibrator in which the output 
assumes the state of the D input on the triggering edge of a 
clock pulse. 


demultiplexer (demux) A circuit (digital device) that switches 
digital data from one input line to several output lines in a 
specified time sequence. 

dependency notation A notational system for logic symbols 
that specifies input and output relationships, thus fully 
defining a given function; an integral part of ANSI/IEEE 
Std. 91-1984. 

difference The result of a subtraction. 


differential operation A bus operation that uses two wires for 
data (one for data and one for the complement of the data) and 
one wire for ground. 

digit A symbol used to express a quantity. 


digital Related to digits or discrete quantities; having a set of 
discrete values as opposed to continuous values. 

digital signal processor (DSP) A special type of microprocessor 
that processes data in real time. 

digital-to-analog (D/A) conversion The process of converting a 
sequence of digital codes to an analog form. 


digital-to-analog converter (DAC) A device in which 
information in digital form is converted to analog form. 


DIMM Dual in-line memory module. 

diode A semiconductor device that conducts current in only one 
direction. 

DIP Dual in-line package; a type of IC package whose leads must 
pass through holes to the other side of a PC board. 

distributive law The law that states that ORing several variables 
and then ANDing the result with a single variable is equivalent 
to ANDing the single variable with each of the several 
variables and then ORing the product. 

dividend In a division operation, the quantity that is being 
divided. 


divisor In a division operation, the quantity that is divided into 
the dividend. 


DLT Digital linear tape; a type of magnetic tape format. 

DMA Direct memory access; a method to directly interface a 
peripheral device to memory without using the CPU for control. 

domain All of the variables in a Boolean expression. 


“Don’t care” A combination of input literals that cannot 
occur and can be used as a 1 or a 0 on a Karnaugh map for 
simplification. 

downloading A design flow process in which the logic design is 
transferred from software to hardware. 


drain One of the terminals of a field-effect transistor. 


DRAM Dynamic random-access memory; a type of 
semiconductor memory that uses capacitors as the storage 
elements and is a volatile, read/write memory. 


DSP core The central processing unit of a digital system processor. 
DTE Data terminal equipment. 


duty cycle The ratio of pulse width to period expressed as a 
percentage. 


DVD-ROM Digital versatile disk-ROM; also known as digital 
video disk-ROM; a type of optical storage device on which 
data is prestored with a much higher capacity than a CD-ROM. 

dynamic memory A type of semiconductor memory having 
Capacitive storage cells that lose stored data over a period of 
time and, therefore, must be refreshed. 
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ECL Emitter-coupled logic; a class of integrated logic circuits 
that are implemented with nonsaturating bipolar junction 
transistors. 


E^CMOS Electrically erasable CMOS (EECMOS); the circuit 
technology used for the reprogrammable cells in a PLD. 

edge-triggered flip-flop A type of flip-flop in which the data are 
entered and appear on the output on the same clock edge. 


EDIF Electronic design interchange format; a standard form of 
netlist. 


EDO DRAM Extended data output dynamic random-access 
memory. 


EEPROM Electrically erasable programmable read-only 
memory; a type of nonvolatile PLD reprogrammable link 
based on electrically-erasable programmable read-only 
memory cells and can be turned on or off repeatedly by 
programming. 

8 mm A type of magnetic tape format. 


elasticity The ability of a cloud storage system to deal with 
variations in the amount of data being transferred without 
service interruptions. 


electromagnetic waves Related to the electromagnetic spectrum, 
which includes radio waves, microwaves, infrared, visible, 
ultraviolet, X-rays, and gamma rays. 

embedded system Generally, a single-purpose system, such 
as a processor, built into a larger system for the purpose of 
controlling the system. 

EMI Electromagnetic interference. 

emitter One of the three regions in a bipolar junction transistor. 


enable To activate or put into an operational mode; an input on a 
logic circuit that permits its operation. 


encoder A digital circuit (device) that converts information to a 
coded form. 

entity The VHDL unit that describes the inputs and outputs of a 
logic function. 

EPROM Erasable programmable read-only memory; A type 
of PLD nonvolatile programmable link based on electrically 
programmable read-only memory cells and can be turned 
either on or off once with programming. 

error detection The process of detecting bit errors in a digital 
code. 

even parity The condition of having an even number of 1s in 
every group of bits. 

exception Any software event that requires special handling by 
the processor. 

exclusive-NOR (XNOR)gate A logic gate that produces a LOW 
only when the two inputs are at opposite levels. 

exclusive-OR (XOR) A basic logic operation in which a HIGH 
occurs when the two inputs are at opposite levels. 

exclusive-OR (XOR) gate A logic gate that produces a HIGH 
only when the two inputs are at opposite levels. 

execute A CPU process in which an instruction is carried out; 
a stage of the DSP pipeline operation in which the decoded 
instructions are carried out. 

exponent The part of a floating-point number that represents the 


number of places that the decimal point (or binary point) is to 
be moved. 


fall time The time interval between the 90% point and the 10% 
point on the negative-going edge of a pulse. 


fan-out The number of equivalent gate inputs of the same family 
series that a logic gate can drive. | 


FDM Frequency division multiplexing; a broadband technique in 
which the total bandwidth available to a system is divided into 
frequency sub-bands and information is sent in analog form. 


feedback The output voltage or a portion of it that is connected 
back to the input of a circuit. 


FET Field-effect transistor. 


fetch A CPU process in which an instruction is obtained from 
the memory; a stage of the DSP pipeline operation in which an 
instruction is obtained from the program memory. 


FIFO First in-first out memory. 


Firewire A high-speed external serial bus standard developed by 
Apple Inc. and used in high-speed communications and real- 
time data transfer, also known as IEEE-1394. 


firmware Small fixed programs and/or data structures that 
internally control various electronic devices; usually stored in 
ROM. 


fixed-function logic A category of digital integrated circuits 
having functions that cannot be altered. 


flag A bit that indicates the result of an arithmetic or logic 
operation or is used to alter an operation. 


flash A type of PLD nonvolatile reprogrammable link technology 
based on a single transistor cell. 


flash ADC A simultaneous analog-to-digital converter. 


flash memory A nonvolatile read/write random-access 
semiconductor memory in which data is stored as charge on 
the floating gate of a certain FET. 


flip-flop A basic storage circuit that can store only one bit at a 
time; a synchronous bistable device. 


floating-point number A number representation based on 
scientific notation in which the number consists of an exponent 
and a mantissa. 


forward bias A voltage polarity condition that allows a 
semiconductor pn junction in a transistor or diode to conduct 
current. 

FPGA Field-programmable gate array; a programmable logic device 
that uses the LUT as the basic logic elements and generally 
employs either antifuse or SRAM-based process technology. 


FPM DRAM Fast page mode dynamic random-access memory. 


frequency (f) The number of pulses in one second for a periodic 
waveform. The unit of frequency is the hertz. 


FSK Frequency shift keying; a form of modulation in which a 
digital signal modulates the frequency of a higher frequency 
sine wave. 


full-adder A digital circuit that adds two bits and an input carry 
to produce a sum and an output carry. 


full-duplex A connection in which the data flow both ways 
simultaneously in the same channel. 


functional simulation A software process that tests the logical or 
functional operation of a design. 


fuse A type of PLD nonvolatile programmable link that can be 
left shorted or can be opened once as directed by the program; 
also called a fusible link. 
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GAL Generic array logic; a reprogrammable type of SPLD that is 
similar to a PAL except that it uses a reprogrammable process 
technology, such as EEPROM (E? CMOS), instead of fuses. 


gate A logic circuit that performs a basic logic operation, such 
as AND or OR; one of the three terminals of a field-effect 
transistor. 

glitch A voltage or current spike of short duration, usually 
unintentionally produced and unwanted. 

graphic (schematic) entry A method of entering a logic 
design into software by graphically creating a logic diagram 
(schematic) on a design screen. 

GPIB General-purpose interface bus based on the IEEE 488 
standard. 


Gray code An unweighted digital code characterized by a single 
bit change between adjacent code numbers in a sequence. 


half-adder A digital circuit that adds two bits and produces a 
sum and an output carry. It cannot handle input carries. 


half-duplex A connection in which the data flow both ways but 
not at the same time in the same channel. 


Hamming code An error detection and correction code used in 
data transmission. 

handshaking The process of signal interchange by which two 
digital devices or systems jointly establish communication. 

hard core A fixed portion of logic in an FPGA that is put in by 
the manufacturer to provide a specific function. 

hard disk A magnetic disk storage device; typically, a stack of 
two or more rigid disks enclosed in a sealed housing. 

hardware The circuitry and physical components of a computer 
system (as opposed to the instructions called software). 


HDL Hardware description language; a language used for 
describing a logic design using software. 


hexadecimal Describes a number system with a base of 16. 


high-level language A type of computer language closest to 
human language that is a level above assembly language. 


high-Z The high-impedance state of a tri-state circuit in which 


the output is effectively disconnected from the rest of the 
circuit. 


hit rate The percentage of memory accesses that find the 
requested data in the given level of memory. 

hold time The time interval required for the control levels to 
remain on the inputs to a flip-flop after the triggering edge of 
the clock in order to reliably activate the device. 

HPIB Hewlett-Packard interface bus; same as GPIB (general- 
purpose interface bus). 


hysteresis A characteristic of a threshold-triggered circuit, such 
as the Schmitt trigger, where the device turns on and off at 
different input levels. 


IEEE Institute of Electrical and Electronics Engineers. 


IEEE 488 bus Same as GPIB (general-purpose interface bus); 
a standard parallel bus used widely for test and measurement 
interfacing. 


IEEE 1394 A serial bus for high-speed data transfer; also known 
as FireWire. 


PL Integrated injection logic; an IC technology. 


implementation The software process where the logic 
structures described by the netlist are mapped into the 
structure of the target device; the physical realization of a 
conceptual design. 


increment To increase the binary state of a counter by one. 


inhibit To prevent the passage of a signal from one point to 
another. 


input The signal or line going into a circuit; a signal that controls 
the operation of a circuit. 


input/output (I/O) A terminal of a device that can be used as 
either an input or as an output. 


instruction One step in a computer program; a unit of 
information that tells the CPU what to do. 


in-system programming (ISP) A method for programming 
SPLDs after they are installed on a printed circuit board and 
operating in a system. 

integer A whole number. 


integrated circuit (IC) A type of circuit in which all of the 
components are integrated on a single chip of semiconductive 
material of very small size. 


intellectual property (IP) Designs owned by the manufacturer of 
programmable logic devices or other products. 


interfacing The process of making two or more electronic 
devices or systems operationally compatible with each other so 
that they function properly together. 


interrupt Any hardware event that requires special handling 
by the processor, an event that causes the current 
process to be temporarily stopped while a service routine 
is run. 


inversion The conversion of a HIGH level to a LOW level or vice 
versa; also called complementation. 


inverter A NOT circuit; a circuit that changes a HIGH to a LOW 
or vice versa. 


I/O port Input/output port; the interface between an internal bus 
and a peripheral. 


IP Instruction pointer; a special register within the CPU 
that holds the offset address of the next instruction to be 
executed. 


ISA bus Industry standard architecture bus; an internal parallel 
bus standard. 


J-K flip-flop A type of flip-flop that can operate in the SET, 
RESET, no-change, and toggle modes. 


Johnson counter A type of register in which a specific prestored 
pattern of Is and Os is shifted through the stages, creating a 
unique sequence of bit patterns. 


JTAG Joint test action group; the IEEE Std. 1149.1 standard 
interface for in-system programming. 


junction The boundary between an n region and a p region in a BJT. 


Karnaugh map An arrangement of cells representing the 
combinations of literals in a Boolean expression and used for a 
systematic simplification of the expression. 


LAB Logic array block; an SPLD array in a CPLD. 
latch A bistable digital circuit used for storing a bit. 
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latency The time between the request for data and the delivery of 
the data to the user. 


latency period The time it takes for the desired sector to spin 
under the head once the head is positioned over the desired 
track of a magnetic hard disk. 


LCC Leadless ceramic chip; an SMT package that has metallic 
contacts molded into its body. 

LCD Liquid crystal display. 

leading edge The first transition of a pulse. 


least significant bit (LSB) Generally, the right-most bit in a 
binary whole number or code. 


LED Light-emitting diode. 
LIFO Last in-first out memory, memory stack. 


listener An instrument capable of receiving data on a GPIB 
(general-purpose interface bus) when it is addressed by the 
computer. 


literal A variable or the complement of a variable. 
load To enter data into a shift register. 


loading . The effect of the multiple inputs degrading the voltage or 
timing specifications of an output. 


local bus An internal bus that connects the microprocessor to the 
cache memory, the main memory, the coprocessor, and the PCI 
bus controller. 


local interconnect A set of lines that allows interconnections 
among the eight logic elements in a logic array block without 
using the row and column interconnects. 


logic In digital electronics, the decision-making capability of gate 
circuits, in which a HIGH represents a true statement and a 
LOW represents a false one. 


logic array block (LAB) A group of macrocells that can be 
interconnected with other LABs or to other I/Os using a 
programmable interconnect array; also called a function block. 


logic element The smallest section of logic in an FPGA that 
typically contains an LUT, associated logic, and a flip-flop. 


look-ahead carry A method of binary addition whereby carries 
from preceding adder stages are anticipated, thus eliminating 
carry propagation delays. 

LSI Large-scale integration; a level of fixed-function IC 
complexity in which there are from more than 100 to 10,000 
equivalent gates per chip. 


LUT Look-up table; a type of memory that can be programmed 
to produce SOP functions. 


machine code The basic binary instructions understood by the 
processor. 


machine language Computer instructions written in binary 
code that are understood by a computer; the lowest level of 
programming language. 

macrocell An SOP logic array with combinational and registered 
outputs; part of a PAL or GAL that generally consists of 
one OR gate and some associated output logic. Multiple 
interconnected macrocells form a CPLD. 

magneto-optical disk A storage device that uses electro- 
magnetism and a laser beam to read and write data. 


magnitude The size or value of a quantity. 


main memory Memory used by computer systems to store the 
bulk of programs and associated data. 


Manchester encoding A method of encoding called biphase in 
which a | is represented by a positive-going transition and a 0 
is represented by a negative-going transition. 

mantissa The magnitude of a floating-point number. 

Mealy state machine A state machine in which the outputs 
depend on both the internal present state and on the inputs. 

mechatronics Interdisciplinary field that comprises both 
mechanical and electronic components. 

memory The portion of a computer or other system that stores 
binary data. 

memory array An array of memory cells arranged in rows and 
columns. 

memory hierarchy The arrangement of various memory 
elements within a computer architecture to achieve maximum 
performance. 

memory latency The time required to access a memory. 

MFLOPS Million floating-point operations per second. 

microcontroller A semiconductor device that combines a 
microprocessor, memory, and various hardware peripherals on 
a single IC. 

microprocessor A large-scale digital integrated circuit device 
that can be programmed with a series of instructions to 
perform specified functions on data. 

minimization The process that results in an SOP or POS Boolean 
expression that contains the fewest possible terms with the 
fewest possible literals per term. 

minterm A product of literals in which each input variable 
appears exactly once. 


minuend The number from which another number is 
subtracted. 


MIPS Million instructions per second. 

miss A failed attempt by the processor to read or write a block of 
data in a given level of memory. 

MMACS Million multiply/accumulates per second. 


MMU Memory management unit; a device responsible for 
handling accesses to memory requested by the CPU. 


mnemonic An English-like instruction that is converted by an 
assembler into a machine code for use by a processor. 


modem 4A modulator/demodulator for interfacing digital devices 
to analog transmission systems such as telephone lines. 


modulation The process of altering a parameter of a higher 
frequency signal proportional to the amplitude of a lower 
frequency information-carrying signal. 

modulus The number of unique states through which a counter 
will sequence. 

monostable Having only one stable state. A monostable 
multivibrator, commonly called a one-shot, produces a single 
pulse in response to a triggering input. 

monotonic The characteristic of a DAC defined by the absence 
of any incorrect step reversals; one type of digital-to-analog 
linearity. 

Moore state machine A state machine in which the outputs 
depend only on the internal present state. 


MOS Metal-oxide semiconductor; a type of transistor technology. 
MOSFET Metal-oxide semiconductor field-effect transistor. 


most significant bit (MSB) The left-most bit in a binary whole 
number or code. 
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MSI Medium-scale integration; a level of fixed-function IC 
complexity in which there are from 10 to 100 equivalent gates 
per chip. 

multicore processor A microprocessor chip with more than one 
processor. 


multimode The characteristic of an optical fiber in which the 
light is propagated in multiple rays. 

multiplexer (mux) A circuit (digital device) that switches digital 
data from several input lines onto a single output line in a 
specified time sequence. 


multiplicand The number that is being multiplied by another number. 
multiplier The number that multiplies the multiplicand. 


multiprocessing A data-processing technique that uses multiple 
processors to multitask or run multiple programs. 


multitasking A technique by which a processor runs multiple 
programs concurrently. 


multitenancy The property of a cloud storage system that allows 
multiple users to share the same software applications, hardware, 
and data storage mechanism without seeing each other's data. 


multithreading The process of executing different parts of a 
program, called threads, simultaneously. 


multivibrator A class of digital circuits in which the output is 
connected back to the input (an arrangement called feedback) 
to produce either two stable states, one stable state, or no stable 
states, depending on the configuration. 


NAND gate A logic circuit in which a LOW output occurs only if 
all the inputs are HIGH. 


negative-AND An equivalent NOR gate operation in which the 
HIGH is the active input when all inputs are LOW. 
negative-OR An equivalent NAND gate operation in which the 


HIGH is the active input when one or more of the inputs are 
LOW. ; 


netlist A detailed listing of information necessary to describe a 
circuit, such as types of elements, inputs, and outputs, and all 
interconnections. 


nibble A group of four bits. 

NMOS An n-channel metal-oxide semiconductor. 

node A common connection point in a circuit in which a gate 
output is connected to one or more gate inputs. 

noise immunity The ability of a circuit to reject unwanted 
signals. 

noise margin The difference between the maximum LOW output 
of a gate and the maximum acceptable LOW input of an 
equivalent gate; the difference between the minimum HIGH 
output of a gate and the minimum HIGH input of an equivalent 
gate; the amount by which the actual signal level exceeds the 
minimum acceptable level for an error-free transmission. 

nonvolatile A term that describes a memory that can retain stored 
data when the power is removed. 

NOR gate A logic gate in which the output is LOW when any or 
all of the inputs are HIGH. 

NOT A basic logic operation that performs inversions. 

NRZ Nonreturn to zero; a type of data format in which the signal 
level remains at one (1) for successive Is. 

numeric Related to numbers. 

Nyquist frequency The highest signal frequency that can be 


sampled at a specified sampling frequency; a frequency equal 
to or less than half the sampling frequency. 


object program A machine language translation of a high-level 
source program. 

octal Describes a number system with a base of eight. 

odd parity The condition of having an odd number of 1s in every 
group of bits. 

offset address The distance in number of bytes of a physical 
address from the base address. 

OLMC Output logic macrocell; the part of a GAL that can be 
programmed for either combinational or registered outputs; 
a block of logic in a GAL that contains a fixed OR gate and 
other logic for handling inputs and/or outputs. 

one-shot A monostable multivibrator. 


op-code Operation code; the code representing a particular 
microprocessor instruction; a mnemonic. 

open-collector A type of output in a logic circuit in which the 
collector of the output transistor is left disconnected from 
any internal circuitry and is available for external connection; 
normally used for driving higher-current or higher-voltage loads. 

operand The object to be manipulated by the instruction. 


operating system The software that controls the computer 
system and oversees the execution of application software. 

operational amplifier (op-amp) A device with two differential 
inputs that has very high gain, very high input impedance, and 
very low output impedance. 

optical fiber A type of data transmission media used for 
transmitting light signals. 

optical jukebox A type of auxiliary storage for very large 
amounts of data. 


OR A basic logic operation in which a true (HIGH) output occurs 
when one or more of the input conditions are true (HIGH). 


OR gate A logic gate that produces a HIGH output when one or 
more inputs are HIGH. 


oscillator An electronic circuit that is based on the principle 
of regenerative feedback and produces a repetitive output 
waveform; a signal source. 


OTP One-time programmable. 
output The signal or line coming out of a circuit. 


overflow The condition that occurs when the number of bits in a 
sum exceeds the number of bits in each of the numbers added. 


packet A formatted block of digital data. 


PAL Programmable array logic; a type of one-programmable 
SPLD that consists of a programmable array of AND gates that 
connects to a fixed array of OR gates. 


PAM Pulse amplitude modulation; a method of modulation 
in which the height or amplitude of the pulses are varied 
according to the modulating analog signal, and each pulse 
represents a value of amplitude of the analog signal. 


parallel In digital systems, data occurring simultaneously 
on several lines; the transfer or processing of several bits 
simultaneously. 


parallel bus A bus that consists of multiple conductors and 
carries several data bits simultaneously, one on each conductor. 


parity In relation to binary codes, the condition of evenness or 
oddness of the number of 1s in a code group. 


parity bit A bit attached to each group of information bits to 
make the total number of 1s odd or even for every group of 
bits. 
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PCI bus An internal synchronous bus for interconnecting chips, 
expansion boards, and processor/memory subsystems. 


PCI-Express Also designated as PCIe or PCI-E. This bus differs 
from the PCI and PCI-X buses in that it does not use a shared 
bus. 


PCI-X A high-performance enhancement of the PCI bus that is 
backward compatible with PCI. 


PCM Pulse code modulation; A method of modulation that 
involves sampling of an analog signal amplitude at regular 
intervals and converting the sampled values to a digital code. 


period (T) The time required for a periodic waveform to repeat 
itself. 


periodic Describes a waveform that repeats itself at a fixed interval. 


peripheral A device or instrument that provides communication 
with a computer or provides auxiliary services or functions for 
the computer. 


physical address The actual location of a data unit in memory. 


PIC Programable interrupt controller; handles the interrupts on a 
priority basis. 

pipeline As applied to memories, an implementation that 
allows a read or write operation to be initiated before 
the previous operation is completed; part of the DSP 
architecture that allows multiple instructions to be processed 
simultaneously. 


pipelining A technique where the processor begins executing 
the next instruction before the previous instruction has been 
completed. 


PLA Programmable logic array; an SPLD with programmable 
AND and OR arrays. 

platform FPGA An FPGA that contains either or both hard core 
and soft core embedded processors and other functions. 

PLCC Plastic leaded chip carrier; an SMT package whose leads 
are turned up under its body in a J-type shape. 


PLD Programmable logic device; an integrated circuit that can be 
programmed with any specified logic function. 


PMOS A p-channel metal-oxide semiconductor. 


pointer The contents of a register (or registers) that contain an 
address. 


polling The process of checking a series of peripheral devices to 
determine if any require service from the CPU. 


port A physical interface on a computer through which data are 
passed to or from peripherals. 


positive logic The system of representing a binary 1 with a HIGH 
and a binary 0 with a LOW. 


power dissipation The product of the dc supply voltage and the 
dc supply current in an electronic circuit; the amount of power 
required by a circuit. 


PPM Pulse position modulation; a method of modulation in 
which the position of each pulse relative to a reference or 
timing signal is varied proportional to the amplitude of the 
modulating signal waveform. 

prefetching The process of executing instructions at the same 
time as other instructions are “fetched,” eliminating idle time; 
also called pipelining. | 


preset An asynchronous input used to set a flip-flop (make the Q 
output 1). 

priority encoder An encoder in which only the highest value 
input digit is encoded and any other active input is ignored. 


probe An accessory used to connect a voltage to the input of an 
oscilloscope or other instrument. 


processes Instances of a computer program that are being executed. 
product The result of a multiplication. 


product-of-sums (POS) A form of Boolean expression that is 
basically the ANDing of ORed terms. 


product term The Boolean product of two or more literals 
equivalent to an AND operation. 


program A list of computer instructions arranged to achieve a 
specific result; software. 


programmable interconnect array (PIA) An array consisting 
of conductors that run throughout the CPLD chip and to which 
connections from the macrocells in each LAB can be made. 


programmable logic A category of digital integrated circuits 
capable of being programmed to perform specified functions. 


PROM Programmable read-only semiconductor memory; an 
SPLD with a fixed AND array and programmable OR array; 
used as a memory device and normally not as a logic circuit 
device. 


propagation delay time The time interval between the 
occurrence of an input transition and the occurrence of the 
corresponding output transition in a logic circuit. 


protocol A standardized set of software regulations, 
requirements, and procedures that control and regulate 
the transmission, processing, and exchange of data among 
devices. 

pseudo-operation An instruction to the assembler (as opposed to 
à processor). 

PSK Phase shift keying; a form of modulation in which a digital 
signal modulates the phase of a higher frequency sine wave. 

pull-up resistor A resistor with one end connected to the dc 
supply voltage used to keep a given point in a circuit HIGH 
when in the inactive state. 

pulse A sudden change from one level to another, followed after 
a time, called the pulse width, by a sudden change back to the 
original level. 

pulse width (¢,,) The time interval between the 50% points of 
the leading and trailing edges of the pulse; the duration of the 
pulse. 

PWM Pulse width modulation; a method of modulation in which 
the width or duration of the pulses and duty cycle are varied 
according to the modulating analog signal, and each pulse 
width represents an amplitude value of the analog signal. 


QAM Quadrature amplitude modulation; a form of modulation 
that uses a combination of PSK and amplitude modulation to 
send information. 


QIC Quarter-inch cassette; a type of magnetic tape. 


quantization The process whereby a binary code is assigned to 
each sampled value during analog-to-digital conversion. 


queue A high-speed memory that stores instructions or data. 
quotient The result of a division. 


race A condition in a logic network in which the difference in 
propagation times through two or more signal paths in the 
network can produce an erroneous output. 


RAM Random-access memory; a volatile read/write semi- 
conductor memory. 
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rank A group of chips that make up a memory module that stores 
data in units such as words or bytes. 


read The process of retrieving data from a memory. 

real mode Operation of an Intel processor in a manner to emulate 
the 8086's 1 MB of memory. 

record length The number of samples (data points) that an 
oscilloscope can capture and store. 

recycle To undergo transition (as in a counter) from the final or 
terminal state back to the initial state. 

refresh To renew the contents of a dynamic memory by 
recharging the capacitor storage cells. 


register A digital circuit capable of storing and shifting 
binary information; typically used as a temporary storage 
device. 

register array A set of temporary storage locations within the 
microprocessor for keeping data and addresses that need to be 
accessed quickly by the program. 

registered A CPLD macrocell output configuration where the 
output comes from a flip-flop. 

relocatable code A program that can be moved anywhere within 
the memory space without changing the basic code. 


remainder The amount left over after a division. 

RESET The state of a flip-flop or latch when the output is 0; the 
action of producing a RESET state. 

resolution The number of bits used to digitally represent a 
sampled value. 

reverse bias A voltage polarity condition that prevents a pn 
junction of a transistor or diode from conducting current. 

ring counter A register in which a certain pattern of 1s and Os is. 
continuously recirculated. 


ripple carry A method of binary addition in which the output 
carry from each adder becomes the input carry of the next 
higher-order adder. 


ripple counter An asynchronous counter. 

rise time The time required for the positive-going edge of a pulse 
to go from 10% of its full value to 90% of its full value. 

ROM Read-only semiconductor memory, accessed randomly; 
also referred to as mask-ROM. 


RS-232 A bus standard, also known as EIA-232, used in 
industrial and telecommunication applications as well as 
scientific instrumentation, but largely replaced by USB in 
computer applications. 


RS-422 A bus standard for differential data transmission. 
RS-423 A bus standard for single-ended data transmission. 
RS-485 A bus standard for differential data transmission. 


RZ Return to zero; a type of data format in which the signal level 
goes to or remains at zero after each data bit. 


sampling The process of taking a sufficient number of discrete 
values at points on a waveform that will define the shape of the 
waveform. 


sampling rate The rate at which the analog-to-digital converter 
(ADC) in an oscilloscope is clocked to digitize the incoming 
signal. 


SAS Serial attached SCSI. 


scalability The ability of a cloud storage system to handle 
increasing amounts of data in a smooth manner. The ability of 
a cloud storage system to improve the movement of data when 
additional resources are added. 


schematic (graphic) entry A method of placing a logic design 
into software using schematic symbols. 


Schottky A specific type of transistor-transistor logic circuit 
technology. 


SCSI Small computer system interface. 
SDRAM Synchronous dynamic random-access memory. 


seek time The time for the read/write head in a hard drive to 
position itself over the desired track for a read operation. 


segment A 64k block of memory. 


sequential circuit A digital circuit whose logic states follow a 
specified time sequence. 


serial Having one element following another, as in a serial 
transfer of bits; occurring, as pulses, in sequence rather than. 
simultaneously. 


serial bus A bus that carries data bits sequentially one at a time 
on a single conductor. 


server Any computerized process that shares a resource with one 
or more clients. A computer and software with a large memory 
capacity that responds to requests across a network to provide 
file storage and access as well as services such as file sharing. 


SET The state of a flip-flop or latch when the output is 1; the 
action of producing a SET state. 

set-up time The time interval required for the control levels to be 
on the inputs to a digital circuit, such as a flip-flop, prior to the 
triggering edge of clock pulse. 


shared bus A bus, such as PCI, that is shared by multiple 
devices. 


signal A type of VHDL object that holds data. 


signal-to-noise ratio (SNR) A measure of the signal strength 
relative to background noise, usually expressed in decibels (dB). 


signal tracing A troubleshooting technique in which waveforms 
are observed in a step-by-step manner beginning at the input 
and working toward the output or vice versa. At each point the 
observed waveform is compared with the correct signal for that 
point. 

sign bit The left-most bit of a binary number that designates 
whether the number is positive (0) or negative (1). 


SIMM Single-in-line memory module. 


simplex A connection in which data flows in only one direction 
from the sender (transmitter) to the receiver. 


single-ended operation A bus operation that uses one wire for 
data and one wire for ground. 


single mode The characteristic of an optical fiber in which the 
light tends to propagate in a single beam or ray. 

SMT Surface-mount technology; an IC package technique in 
which the packages are smaller than DIPs and are mounted on 
the printed surface of the PC board. 


soft core A portion of logic in an FPGA; similar to hard core 
except it has some programmable features. 


software Computer programs; programs that instruct a computer 
what to do in order to carry out a given set of tasks. 
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software interrupt An instruction that invokes an interrupt 
service routine. 


SOIC Small-outline integrated circuit; an SMT package that 
resembles a small DIP but has its leads bent out in a “gull- 
wing" shape. 

source A sending device of a bus; one of the terminals of a field- 
effect transistor. 

source program A program written in either assembly or high- 
level language. 

speed-power product A performance parameter that is 
the product of the propagation delay time and the power 
dissipation in a digital circuit. 

SPI Serial-to-peripheral interface bus; a synchronous serial 
communications bus that uses four wires for communication 
between a “master” device and a "slave" device. 

SPLD Simple programmable logic device; an array of AND gates 
and OR gates that can be programmed to achieve specified 
logic functions. Four types are PROM, PLA, PAL, and GAL. 

SRAM Static random-access memory; a type of PLD volatile 
reprogrammable link based on static random-access memory 
cells and can be turned on or off repeatedly with programming. 

SSI Small-scale integration; a level of fixed-function IC complexity 
in which there are up to 10 equivalent gates per chip. 


SSOP Shrink small-outline package. 

stage One storage element (flip-flop) in a register. 

state diagram A graphic depiction of a sequence of states or 
values. 


state machine A logic system or circuit exhibiting a sequence 
of states conditioned by internal logic and external inputs; any 
sequential circuit exhibiting a specified sequence of states. 
Two types of state machine are Moore and Mealy. 

static memory A volatile semiconductor memory that uses 
flip-flops as the storage cells and is capable of retaining data 
without refreshing. 

storage The capability of a digital device to retain bits; the 
process of retaining digital data for later use. 


STP Shielded twisted pair; a type of data transmission medium. 
string A contiguous sequence of bytes or words. 


strobing A process of using a pulse to sample the occurrence of 
an event at a specified time in relation to the event. 


subroutine A series of instructions that can be assembled 
together and used repeatedly by a program but programmed 
only once. 


subtracter A logic circuit used to subtract two binary numbers. 


subtrahend The number that is being subtracted from the 
minuend. 


sum The result when two or more numbers are added together. 


sum-of-products (SOP) A form of Boolean expression that is 
basically the ORing of ANDed terms. 


sum term The Boolean sum of two or more literals equivalent to 
an OR operation. 


synchronous A condition that describes signals or systems that 
are aligned or synchronized with each other in terms of timed 
events, two or more systems that have the same timing signal. 


synchronous counter A type of counter in which each stage is 
clocked by the same pulse. 


synthesis The software process where the design is translated _ 
into a netlist. 


system bus The interconnecting paths in a computer system 
including the address bus, data bus and control bus. 


talker An instrument capable of transmitting data on a GPIB 
(general-purpose interface bus). 


tape library A type of auxiliary storage for very large amounts 
of data. 


target device A PLD mounted on a programming fixture or 
development board into which a software logic design is to 
be downloaded; the programmable logic device that is being 
programmed. 


TDM Time division multiplexing; a technique in which data from 
several sources are interleaved on a time basis and sent on a 
single communication channel or data link. 


terminal count The final state in a counter's sequence. 

text entry A method of entering a logic design into software 
using a hardware description language (HDL). 

throughput The average speed with which a program is 
executed. 

timer A circuit that can be used as a one-shot or as an oscillator; 
a circuit that produces a fixed time interval output. 

timing diagram A graph of digital waveforms showing the 
proper time relationship of two or more waveforms and how 
each waveform changes in relation to the others. 

timing simulation A software process that uses information 
on propagation delays and netlist data to test both the logical 
operation and the worst-case timing of a design. 


toggle The action of a flip-flop when it changes state on each 
clock pulse. 


totem-pole A type of output in TTL circuits. 

trailing edge The second transition of a pulse. 

transistor A semiconductor device exhibiting current and/or 
voltage gain. When used as a switching device, it approximates 
an open or closed switch. 

trigger A pulse used to initiate a change in the state of a logic 
circuit. 

tri-state A type of output in logic circuits that exhibits three 
states: HIGH, LOW, and high-Z; also known as 3-state. 

tri-state buffer A circuit used to interface one device to another 
to prevent loading. 


troubleshooting The technique of systematically identifying, 
isolating, and correcting a fault in a circuit or system. 


truth table A table showing the inputs and corresponding output 
level of a logic circuit. 


TTL Transistor-transistor logic; a class of integrated logic 
circuit that uses bipolar junction transistors. Also called 
bipolar. 


ULSI Ultra large-scale integration; a level of IC complexity 
in which there are more than 100,000 equivalent gates per 
chip. 

unit load A measure of fan-out. One gate input represents a unit 
load to the output of a gate within the same IC family. 
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universal gate Either a NAND gate or a NOR gate. The term 
universal refers to the property of a gate that permits any logic 


function to be implemented by that gate or by a combination of 


gates of that kind. 


universal shift register A register that has both serial and 
parallel input and output capability. 


up/down counter A counter that can progress in either direction 
through a certain sequence. 


USB Universal serial bus; an external serial bus standard. 


UTP Unshielded twisted pair; a type of data transmission medium. 


UV EPROM Ultraviolet erasable programmable ROM. 


variable symbol used to represent an action, a condition, or data 
that can have a value of 1 or 0, usually designated by an italic 
letter or word. 


VHDL A standard hardware description language; IEEE Std. 
1076-1993. 

VLSI Very large-scale integration; a level of IC complexity in 
which there are from more than 10,000 to 100,000 equivalent 
gates per chip. 


volatile The characteristic of a programmable logic device that 
loses programmed data when power is turned off. 


wait state A system bus delay equal to one processor clock 
cycle. Wait states are used to ensure that the system bus timing 
satisfies the address, data, and control timing specifications of 
a system. 


weight The value of a digit in a number based on its position in 
the number. 


word A group of bits or bytes that acts as a single entity that can 
be stored in one memory location; two bytes. 


word capacity The number of words that a memory can store. 
word length The number of bits in a word. 

WORM Write once-read many; a type of optical storage device. 
write The process of storing data in a memory. 


zero suppression The process of blanking out leading or trailing 
zeros in a digital display. 


